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AN EXPERIMENTAL STUDY OF BEATER PRACTICE IN 
THE MANUFACTURE OF OFFSET PAPERS 


By Charles G. Weber, Merle B. Shaw, Martin N. Geib, and Martin J. O'Leary 


ABSTRACT 


Sixty-three experimental papers were made in the Bureau’s semicommercial 
mill in studies to determine the relationship between the mechanical beating of the 
fbers and the properties of paper for multicolor offset printing. A series of papers 
was made from each of the kinds of wood fibers commonly used in offset papers 
and from various mixtures of these fibers. Each series comprised papers made 
with widely different degrees of beating, and the effects of the variations were 
determined by laboratory and printing tests of the papers. 

The data obtained indicate that for the best results in multicolor printing, the 
papers should be made with the minimum of beating necessary to obtain the 
required formation and finish. The formation of gel on the fibers should be care- 
fully controlled, because the high strength associated with gel, particularly high 
folding endurance, is directly opposed to several of the properties most important 
in multicolor lithography. 

The admixture of filler pulp with a strong pulp such as sulfite lessens the adverse 
effects of beating and assists in obtaining suitable formation and finish. The best 
all-around results were obtained with sulfite-soda and sulfate-soda mixtures. 
Deinked book stock had excellent opacity, but papers containing appreciable 
amounts of it curled excessively. 
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I. INTRODUCTION 


A program of research on lithographic papers, in which the National 
Bureau of Standards and the Lithographic Technical Foundation 
are cooperating, has been in progress at the Bureau since July 1930. 
Previous publications! have contained information on the manufac- 
ture, care, and treatment of offset papers for optimum register in 
multicolor printing. The importance of numerous properties, particu- 
larly low expansivity, has been shown. This article contains the re- 


tisaaideaiaiaieadebiainine 
See the references at the end of this paper. 


241 





242 Journal of Research of the National Bureau of Standards 


sults of a study of the relationship between the beating of Wood 
fibers and the important properties of offset lithographic papers made 
from them. Various types of commercial wood pulps commonly 
used in lithographic papers were studied singly and in combinatiop; 
A series of papers was made in the Bureau’s semicommercial paper mill 
from each furnish with controlled variations in the beating and wit) 
the other factors kept constant insofar as possible. 

The relationship between beating and sheet properties was deter. 
mined by means of laboratory and printing tests on the finished 
papers. The printing tests were made at the Coast and Geodetic 
Survey, Department of Commerce. 

The research on lithographic papers is carried on with the assistaneo 
of a fund deposited with the Lithographic Technical Foundation by , 
group of manufacturers of offset papers. All the studies are planned 
with the counsel of an advisory committee of technical representa. 
tives of the sponsors under the chairmanship of R. F. Reed, Directo; 
of Lithographic Research, University of Cincinnati. 


II. PAPERMAKING EQUIPMENT 


The equipment of the Bureau’s paper mill is semicommercial jy 
size, and is adapted to the experimental manufacture of paper under 
conditions which simulate those of industrial mills. Detailed de. 
scriptions and photographs of the equipment are contained in previous 
publications.? ** The equipment used in this investigation consisted 
essentially of the following: a 50-pound beater with copper-lined 
wooden tub and manganese-bronze bars and plate, and equipped 


with a washing cylinder; a jordan refiner with bars of bronze and 
steel alloy; a four-plate, flat screen; and a 29-inch fourdrinier paper- 
making machine with a wire 33 feet in length, two presses, nine 
15-inch dryers, a calender stack of seven rolls, and a reel. 


III. PAPERMAKING RAW MATERIALS 


The fibrous materials were selected with the cooperation of the 
Advisory Committee, with the idea of covering the types of pulps 
commonly used in the manufacture of commercial offset papers. 
The pulps selected were all bleached. They included those having 
long fibers needed to give the papers strength, and those with short 
bulky fibers commonly used as fillers in mixture with the strong pulps, 
to improve formation and other qualities that affect printing. Two 
pulps were reclaimed waste-paper stocks. Specifically, the follow- 
ing pulps were used: 

1. Eastern sulfite, a typical strong pulp made by cooking wood 
chips in an acidic solution, usually bisulfite of calcium, to dissolve 
the nonfibrous binding constituents of the wood and permit the 
separation of the fibers. The pulp used was considered a standard- 
quality bond grade made from eastern spruce. 

2. Western sulfite, a strong pulp corresponding to the easter 
sulfite, but made from western hemlock, which is similar to spruce 
in papermaking characteristics. 

2 Tech. Pap. BS 21, 338 (1927) T340. 


3 BS J. Research 3, 904 (1929) RP121. 
4 Paper Trade J. 89, 19, 60 (1929). 
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2 Bleached sulfate, a typical strong pulp made by cooking wood 
ys in the sulfite process except that the cooking liquor is a strong 
squstic solution containing caustic soda and sodium sulfide. The 
afate-cooked fibers are usually the longest and strongest of the 
ordinary Chemical wood fibers. 

4, Northern soda pulp, a typical filler pulp produced by cooking 
chips in a strong solution of caustic soda. The fibers are character- 
istically short, soft, and bulky with little strength. The northern 
soda pulp was made from the deciduous wood, poplar. 

5, Southern soda pulp, a filler pulp corresponding to the northern 
«oda, but made from southern species of deciduous woods. 

§. Soft alpha, a special form of sulfite wood pulp, highly purified 

by removing the undesirable forms of cellulose normally found in 
wood pulps. This pulp combined medium strength with soft bulky 
properties. 
7. Reclaimed ledger stock, a pulp obtained by deinking old ledger 
papers by cooking them in dilute caustic to remove the ink. These 
fibers have some of the properties of sulfite, but are shorter and softer, 
and no longer respond to mechanical beating in the same manner as 
new pulps. 

8. Reclaimed book stock, a short-fibered filler type of pulp obtained 
by deinking waste book papers. This stock contained considerable 
mineral filler, which is to be expected because fillers are usually present 
in book papers. 

The chemical characteristics of these pulps are given in table 1. 


TapLE 1.—Chemical characteristics of fibrous materials used in experimental 


manufacture of offset papers 
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Based on total cellulose. 
On oven-dry basis. 
‘Two different samples (see test, p. 244). 


Alpha-cellulose and copper number are measures of the purity of 
the cellulose, the purer forms of cellulose having a high alpha-cellulose 
content and a low copper number. + 

The eastern and western sulfite pulps were both of excellent quality. 
Although obtained from different kinds of woods, they were similar in 
chemical purity. The western sulfite did not seem to bulk as much 
in the beater, and it circulated faster, whether used alone or in 
mixture with filler pulp. 
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The northern soda pulp apparently had been insufficiently washed 
as is shown by the high ash and the pH values in the table, and by th, 
excessive amount of alum that was required to adjust the pH of th: 
stock to 5.0 when making the paper-machine runs. 

The southern soda pulp was acid. The acidity and high copper 
number, 6.2, may have been caused by the cooking, bleaching, o; 
final washing conditions. Pulps having such high copper numbers 
would not be considered for use in the manufacture of permanen; 
papers. A bundle of paper made from this pulp (run 1235) cut into 
17- by 22-inch sheets and stored for only 2 years, showed very decide 
yellowing of the edges to a depth of 1 inch on all four sides. 

Because of the low alpha-cellulose content of the deinked ledger 
stock, a microscopic analysis also was made. The analysis showed the 
stock to be 15 percent rag and 85 percent chemical wood pulp. 

Except for the deinked book-paper stock, each roll or bale of fibrous 
material used was of uniform quality throughout, and was of the same 
quality as any other roll or bale of the particular type of pulp. For 
the deinked waste book papers, however, samples from different parts 
of the roll showed considerable difference in ash content. A sample 
from the first part of the roll had an ash content of 17.9 percent, and 
a sample from the first beater furnish, 15.5 percent. The ash content 
of the next two beater furnishes was approximately 13.0 percent, 
whereas a sample from the next part of the roll showed 13.4 percent, 
A microscopic analysis of the deinked book-paper stock showed it to 
be 100 percent chemical wood pulp. 


IV. MANUFACTURE AND TESTING 
1. BEATING PRACTICE AND MACHINE OPERATION 


Pulp is prepared for formation into paper by a mechanical process 
known as beating, which is done by treating the pulp in water in large 
vats. Each vat has a cylindrical roll with horizontal metal bars 
protruding around its periphery, which impinge on similar parallel 
bars protruding from a bedplate on the floor of the vat. The pulpis 
circulated by turning the roll rapidly, and as it circulates, it passes 
between the two sets of bars. The degree of beating is controlled by the 
length of time the stock is circulated in the beater, and by the setting 
of the roll with respect to the clearance between the bars on the roll 
and those on the bedplate. Here the fibers are separated from 
clusters, brushed and frayed so that they will felt properly, and 
shortened to the length that will produce the desired formation. 
In addition to these purely mechanical changes, wood fibers undergo 
a structural alteration during beating. They absorb water and forma 
gelatinous substance by a process commonly referred to as “hydr- 
tion.”” The amount of gel formed on the fiber during beating is re- 
ferred to as the degree of hydration, and is reflected sharply in some 
of the characteristic properties of the paper. The mechanism i- 
volved in hydration is not clearly understood. However, its effects 
are particularly important because they are associated with some of 
the most troublesome difficulties encountered in printing, namely, 
curling, waving, and buckling of paper, and misregister of color 

rinits. 
After beating the pulp it is usually given further treatment in 4 
machine called a jordan, after the name of its inventor, Joseph Jordan. 
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The jordan, which is often referred to as a refiner, is essentially a 
conical shell within which a cone-like plug is revolved at high speed. 
Bars protruding from the plug impinge on similar bars protruding 
fom the inside of the shell. The pulp is forced by pump-pressure 
F between the shell and the plug from one end of the jordan to the 
| other, and the severity of the action is controlled by the clearance 
F hetween the bars on the rotating plug and those on the shell inside 
which 1t runs. 

In order to determine the effects of beating, a series of papers was 
made from each of the fibers, and from various mixtures of them, 
with controlled variations in tne beating. The procedure followed in 
{urnishing the stock to the beater, unless otherwise noted, was as 
follows. The beater tub was partially filled with water, the pulp 
was added, and more water was added: until the desired concentration 
was obtained. The time required for furnishing was approximately 15 
minutes. Data on the beating intervals, beater-roll settings, jordan 
settings, freeness of the stock at the completion of the beatings, free- 
ness at the head box, the distance the water was carried beyond the 
second slice ° on the paper machine wire, and the shrinkage in width 
while drying are shown in table 2. The position of the beater roll is 
expressed as the number of turns above (+) or below (—) zero setting, 
which is the point of contact between the roll and the bedplate. One 
turn moves the roll 0.008 inch. 

The term “freeness’”’ is used in the paper industry to indicate the 
relative rates of drainage of water from pulps while the fibers are 
being felted into a sheet of paper. Freeness is affected by many fac- 
tors, the most important of which are rate of hydration of the pulp, 
length of fibers, extent of brushing or degree of fibrillation, flexibility 
or felting quality, presence of sizing and loading materials. The rela- 
tive extent to which the various individual factors affect the readings 
isnot known. Therefore, freeness values for one type of furnish are 
not strictly comparable with values for other furnishes, and readings 
are of value for control purposes when duplicating papers from a given 
furnish but are not comparable with values for different kinds of fur- 
nishes. The same property is often referred to in the paper industry 
as “slowness”’ or ‘‘wetness’’, according to the type of instrument used 
in its measurement and the method of reporting results. 

The numerical expression of freeness is an arbitrary figure peculiar 
to the instrument used. At present, the scale of measurement is not 
standardized, therefore, for comparison of pulps the readings should 
be made on the same instrument. The freeness results reported in 
table 2, however, for reasons beyond control, were not all obtained 
with the same instrument. For runs 1225 to 1257, inclusive, the 
measurements were made with a Schopper-Riegler instrument, and 
the values were converted to units of the Williams precision freeness 
tester by use of published data. For the remainder, a Williams pre- 
cision freeness tester was used. 

The Schopper-Riegler apparatus has a cone with two discharge 
orifices of different sizes placed at different levels. By means of this 
construction a sudden rush of water from free pulps is quickly dis- 
charged through the higher, and larger, orifice; whereas with very 
slow pulps, nearly all of the water is discharged through the lower, 
and smaller opening. 


0 ne 
' Theslice is an adjustable opening across the width of the wire near the breast roll to control the flow of the 
stock onto the wire and keep thethicknesseven. A machine making fine papers usually has twoslices. 
Tech. Assn. Pap. 14, 347 (1931). 
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1269 | 25% eastern sulfite and 75% deciduous-wood 
sulfite. | 1) 1.3'+10/+10] +3 
1271 | 75% eastern sulfite and 25% deciduous-wood | 
sulfite i | .4)+10)+10) +3 } 

1270 | 50% eastern sulfite and 50% ( deciduous-wood | 
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50% eastern sulfite snail southern soda | - 0/10) +10] +3) +3) +3).-..- 
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See footnotes at end of table. 
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TABLE 2.—Data on beating and condition of stock for different ty, 
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Beater furnish Position of beater roll after beating tin, 


Fiber (pulp) 


ber 


Paper machine run num- 


Rosin ! 
| 0.0 hr 4 


1283 | 100% deinked book 2. 2|+-10| +10} +3| 
1284 do | 2. +3) 
1285 do } | 3. | +3) 
1286 | 50% deinked book and 50% eastern sulfite ___| | 2.3/+10) a3) 
1287 | do 1} 2. +3) 
1288 do | 2. “| +3|+214/+2!4 

| | | 
1298 | 100% ledger waste a +3) +3) +3). 
1299 | do : . | +3) +3/+234|+214| +2 
1300 | do a | +3) +3/4+214\+2%4| +2) 4 


1301 50% ledger waste and 50% northern soda .9)+10 +10] +3} +3) +3! | 
1302 | do -| 1} 1.9/+10+10) +3} +3/+214|+2% 
1303 | do 9'+10'+10 +3) +3/+214| +214) 

| | | | 


1 Rosin size was added 1 hour, and the aluin 39 hour, before the stock was dropped to the beater chest 
2 Based on dry weight of fiber. 

3 Based on dry weight of fiber and rosin. 

4 Lighter-bar up. 

5 Lighter-bar down. 

The values indicate the number of milliliters of water, generally 
spoken of as quick-drainage water, discharged from the upper outlet 
when using 1 liter of stock at 0.2-percent consistency and 20° C. 

The Williams precision freeness tester consists of a graduated glass 
cylinder placed above a metal cone having a valve in the bottom. 
A number 80 wire screen forms the bottom of the cylinder. To de- 
termine the freeness of stock, the apparatus is filled with clean water 
to the zero mark, which is slightly above the wire. One liter of the 
stock to be tested is poured into the cylinder, the valve is opened, 
and the time required for 1,000 ml of water to drain from the instru- 
ment is noted. Two sets of values, distinguished by the letters A and 
B, are reported. The values for A are for a sample containing 3 g 
of dry stock in 1,000 ml when added to the instrument, whereas the 
values for B are for a sample whose actual concentration in the 
cylinder of the instrument was 3 g of dry stock per 1,000 ml of mixture. 

Fifty pounds of pulp was furnished to the beater in each instance 
with the following exceptions: for runs 1225-—26—27-—28-29-30-32, 
1261-62-63-64, the amount was 48 pounds, and for run 1231, 4( 
pounds. These reductions were necessary to increase the rate of 
flow so that the circulation in the beater would be comparable in all 
instances. The beaten stock was dropped to a chest and pumped in 
a continuous stream through the stuff box and the jordan to the 
paper machine without the use of a machine chest. The stuff box 
was of the conventional regulating-box type, having a constant head 
over an adjustable orifice. Since the long-fibered stock showed 4 
tendency to collect at the adjustable gate, it was necessary to agitate 
the stock above the gate. Screen plates with 0.018-inch slots were 
used for all the runs. The stock was uniformly mixed by baffles in 
the head box and the temperature of the stock was maintained at 
90° F+2° at that point. 
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‘Values for runs 1225 to 1257, inclusive, were obtained on a Schooper-Riegler freeness tester (converted for 

mparison); for other runs, a Williams freeness tester was used. 

‘Change in width of dried sheet as wound on reel from width of sheet as formed on the machine. 

‘Measurement indicates point at which drainage of water off table rolls seemed practically to have stopped. 
Tosuction box. 


Rosin size only was used, and the amount added was the same in 
all instances, 1 percent. Sufficient alum was used to obtain a pH of 
5.0 and neither filler nor pigment was added. 

There are two slices on the machine. The distance the water was 
carried beyond the second slice of the machine indicates the point at 
which dramage of water off the table rolls seemed to have practically 
stopped. The sheet shrinkage is the difference between the width of 
the dried sheet as wound on the reel and the width when formed on 
the machine wire. All the papers were given the same degree of 
calendering, 6 nips ‘ of the machine calender being used. 

Every effort was made to keep the entire machine operation the 
same for all of the runs, so that all of the differences found subse- 
quently in the properties of the papers could be definitely ascribed to 
the controlled variations in beating. 


2. TESTING 


All the physical and chemical tests of the pulps and papers were 
nade by the official methods * of the Technical Association of the 
Pulp and Paper Industry with the following exceptions, for which no 
official methods were available. 

The bond test was that of Sutermeister and Osgood.® This test is 
essentially one of measuring the force required to split paper when 
the stress acts perpendicularly to its surface. 

The degree of curl was determined by the Carson '° method, which 
measures the maximum angle through which a specimen of the paper 
will curl when one side is placed in contact with water while the other 
side remains dry. 

TA nip is the line of contact between two calender rolls. 

‘Copies of the official methods may be obtained from the Association at 122 East 42d St., New York, N.Y. 

‘Tech, Assn. Pap. 24, 136 (1941). 

Paper Ind. Paper World 22, 246 (June 1940). 
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The smoothness of the papers was determined with a Bekk: 
Smoothness Tester. This test consists in determining the timp 
required to pass a given volume of air under controlled presgy), 
between the surface of the paper in question and a polished meta) 
plate which is held against the surface under a fixed pressure. 

Permeability to air was measured with a Carson Precision Permp. 
ability Tester.’ With this instrument the rate of air flow throug) 
the paper is measured for a given area with a pressure difference of 
1 g/cm’. 

Two separate sets of the experimental papers were printed in fiye 
colors at the Coast and Geodetic Survey. <A set comprised a number 
of sheets from each machine run. The purpose was to obtain dat, 
on the printing quality, that could be correlated with the informatio, 
on fiber composition, degree of beating, and properties of the papers, 
One set of the papers was conditioned to equilibrium with a relatiye 
humidity 7 percent higher than that in the pressroom. Thus, this 
set was in the optimum hygrometric condition * for multicolor offset 
printing. The second set was conditioned to equilibrium with , 
humidity 20 percent below that in the pressroom in order to determine 
the degree of misregister when this paper was too dry for good results 
in multicolor work. Both sets were included in the same pile of 
paper, and printed without adjustment of the press other than was 
necessary to keep the feeders functioning. Considerable difficulty 
was encountered with the feed rollers owing to the wide range of 
papers, and as a result it was not possible to get comparable printing 
data on all of the papers. 


V. DESCRIPTION OF EXPERIMENTAL PAPERS 


Seven papers were made with the eastern sulfite pulp. For the 
first, machine run number 1225, table 3, the stock was given the 
minimum amount of beating required for forming a sheet. The 
beating was increased for each succeeding run, up to and including 
1230, which was given the maximum beating that was practicable. 
From a consideration of the results of these variations, the three 
beating intervals, 1%, 5%, and 9% hours, were selected as minimum, 
medium, and maximum beating treatments and were used with subse- 
quent furnishes except some of the unmixed filler pulps which were 
too short and tender for such treatment. The jordan was used as 
mixer only, except for a limited number of runs made for the express 
purpose of obtaining data on the effects of jordanning. 

Data relative to the beater furnish, beating time, and condition for 
each paper-machine run, and on the properties of the resulting papers 
are given in table 3. 


VI. INTERPRETATION AND DISCUSSION OF DATA 


In order to facilitate an interpretation of the data, relationships 
between the most important factors and the properties of the finished 
papers are shown graphically in figures 1 to 6. In all of these figures, 
the scales are arranged so that the data for the different properties are 
directly comparable irrespective of their absolute values. For the 

11 Paper Trade J. 94, 41 (June 30, 1932). 


12 BS J. Research 12, 567 (1934) R P681. 
13 J. Research NBS 16, 93-103 (1936) R P859. 
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properties for which low values are desirable, the scales are inverted 
‘o that, in all instances, a relatively high position on the scale indicates 
»xcellence from the standpoint of utility and, conversely, a low posi- 
tion does not. The arbitrary division into three classes according to 
position on the scale is to make it easier to read. 
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Figure 1 presents data on the effects of beating on the properties of 
papers made from a typical strong pulp unmixed. Three beating 
intervals, minimum, medium, and maximum, are represented. Figure 
2 presents comparable data for papers made of the same strong pulp 
in 50-50 mixture with a typical filler pulp. It is important to note in 
figure 1 that as the strength properties are improved by increased 
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“ABLE 3.—Properties of :» ne? 
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225 | 100% eastern sulfite : 5 f 0040) 48, | 47| 6.8) 3.0) » 
226 _do 3.8 3] 54. 3! . 0039 7 | 3] » 
122 do 5. 5) +8) . 0040 
12% do 5} 57. . 0039 
2 -do 9.5 | . 0036 
2: do 2.5 . 0037 
235 .do f | 3) . 0036 x 
100% southern soda § 57.4) .0053| 37. ¢ §) 2.: ; 93 
do 3.5} 4 56.9) . 0050 ‘ ‘ bor 
do 5. § +) 8) . 0045) 
) | 100% northern soda 3.! 8| 54.9) . 0047 193 
> eastern sulfite and 75% northern | 56. 0046 93 
| soda. 
| 75% eastern sulfite and 25% northern 5) +8] 57. 0045) 43. | 42)! ‘ 20 3 4 
soda. 
25% eastern sulfite and 75% southern .5| +8) 56.6) .0046) 42.4) 86 3) 2 3.3) 2 3 21 2 
soda. | | | 
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TABLE 3.—Properties of expen 
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1 All physical tests made under conditions of 65 percent relative humidity and 70°F. 
2 Comparative register rating. 
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beating, the important properties of expansivity, opacity, oil absorp. 


tion, and tendency to curl are affected adversely. By a compariso, 
of figures 1 and 2, it will be readily seen that the addition of filler pulp 


D 





BOND 
POINT, —_ 





O-percent sulfite 


Ps) 


OF om FEALIRATION SUTERMEISTER METHOD 





OIL RESISTANCE 


if) 





Wi] TH 


£ 








~ RATIO OF AVE! 
DUAN 


ING STRENGH TO WEIGHT) FOLDING EN 
\ 


\ AN 4) | 
: j x! ___[200 - 
from a fiber furnish of 


\ 


so ima 


BURST- RATIO OF BURSE Fi 





50-percent soda pulp 





STRENGTH 





Cua 





OF 


WET OM ONE SIDE 


a | 
aor 
|= 
As) 


GLE 


AN 
WHE 
SCALE | SCALE 





n hemlock) and 


Opacity 


(westes 


CONTRAST RATIO 
tS 


SCALE > 
~* 
195 





Ge 


AVE. BOTH DIRECTIONS 
AHR 





Effects of degree of beating on properties of papers made 


MACHINE DIRECTION 


EX PANSIVITY 


2. 


wl | 
a} 





CHANGE OF DIMENSIONS PER IS % RH. CHAN 





os eee 


| 
1 El | 1 3 n i a 
LWITTIIVG “] osvID VVICINVILNY “TT sow1g | DD ssvi> 
sintvA Jo SONILYY IAILYIIY 





FIGURE 


retards the adverse effects of beating, so that the sulfite-soda paper 
with the maximum beating has a better average value than the all- 
sulfite paper with the medium beating. ; 
Figures 3 and 4 show graphically the comparative properties of 
papers made of different fibers, unmixed, with like beating treatments. 
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The beating for all the papers shown in figure 3 was medium, or 5% 
and for those in figure 4, maximum, or 9% hours. It will be 


hours, : : 
for the medium beating, only 23 percent fall below class II, 


noted that 
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with 40 percent in class I; while for the maximum beating, the situa- 
lion Was almost exactly reversed with 46 percent in class III. 

Figures 5 and 6 show the same relationships for 50-50 mixtures of 
strong pulps and filler pulp as are shown for the unmixed strong pulps 


in figures 3 and 4, respectively. The effects on the properties of paper 
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of adding filler pulp to any specific strong pulp can be convenient}, 
noted by comparing the positions of the unmixed papers in figures 3 
and 4 with the relative positions of the mixtures of the selected stroyo 
pulp and a filler pulp in figures 5 and 6, respectively. , 
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In general, the papers made from strong pulps have high strength, 
but also have unsatisfactory expansivity, opacity, oil absorption, and 
curling properties. The filler pulps are excellent in these latter re- 
spects, but they have insufficient strength to be used unmixed. The 
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jata show that the strength of the papers made from the strong pulps 
. developed largely by beating, and is closely associated with gel 
formation or so-called hydration, and this produces the undesirable 
properties. Filler pulps hydrate only slightly. Hence, the best all- 
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around properties in an offset paper are obtained by blending strong 
pulp with filler pulp. The admixture of the filler pulp tends to permit 
sufficient beating to obtain suitable formation and finish without all 
of the undesirable effects of hydration. The effects of blending are 
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illustrated in figures 1 to 6. They become evident when the papers 
are graded, if 100 percent is assumed for a paper that is class | jy al] 
respects. This may be done arbitrarily by allowing 12%, 8. or 4 
percent for each property for classes I, II, and III, respectively, , 
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FIGURE 6. 


summary of ratings obtained by this method is given in table 4 
Figures 3 to 6, were not extended to include minimum beating, because 
none of those papers with less than the medium degree of beating ha¢ 
suitable formation to be of interest as printing papers. 





upers 
In all 
or 4 
oA 


OY mrzrtres 


Ce Ae a 


FOE POSS ICRS CUMTEGESEEVEY OC 


wee 


vew wg 


eating, 946 hours 


of be 


re 
y 
% 
4 


Offset Papers 


TABLE 4.—Ratings of papers in figures 1 to 6 


Rating values 


Fiber furnish 
Minimum Medium Maximum 
beating | beating beating 


Percent Percent | Percent 
7 73 57 


. . 78.0 | 73. £ 
7 tern sulfite, 509% soda j 74.5 | 74, 
fastern sulfite 73. 5 
ic” egstern sulfite, 50% soda 74.0 | 
Bleached sulfate - - | 86. f 
«c, bleached sulfate, 509% soda 69.5 | 
; 60! 
70. 
sed 69.5 | 
ledger waste, 50% soda } 69.5 | 
Soda j 78. 
inked book : | 61. 
jverage unmixed _- 78.0 | 68. 
jyerage 50: 50% mixtures y 70, 


The medium beating represents about the minimum required to 
produce the formation, finish, and bonding strength necessary for 
printing. 

The sulfite-soda mixtures had the best average values. However, 
bleached sulfate had the highest average of any unmixed fiber in the 
medium beating class, and in mixture with filler pulp, it had the 
highest rating of those beaten for the maximum period. Hence this 
pulp appears to offer certain advantages where beating for high strength 
is important. 

It is noteworthy that a high fold ratio is consistently opposed to 
some of the other desirable properties of the papers, particularly low 
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Ficure 7.—Effects of content of filler pulp on the folding endurance of papers. 
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expansivity and curl, and high opacity. It is of interest also that 
paper made of a mixture of two pulps usually has a fold value litt), 
higher than that of the weaker pulp instead of approaching the avergop 
as one might expect, and as is the case with other strength properties 
This disproportional drop in folding endurance with the addition of , 
filler pulp to a strong pulp was noted for all the mixed furnishes 
It is illustrated graphically in figure 7. Other important strengt) 
properties conform more closely to the values calculated from thp 


<—— TEARING STRENGTH, GRAMS 


<+——— FOLDING ENDURANCE, DOUBLE FOLDS 


STRONG PULP MIXTURES FILLER PULP 
100 °%o 50-50 100% 


FicureE 8.—Comparative effects of content of filler pulp on folding endurance ant 
tearing strength of papers. 
properties of the individual pulps. An example illustrating the dis- 
proportional drop in folding endurance as compared with the more 
orthodox drop in the tearing strength is furnished in figure 8. 
There is no known method of measuring directly the degree o! 
hydration of fibers, particularly after their formation into paper. 
Since the gel formed in the so-called “hydration’’ is the cementing 
substance which bonds the fibers together in the sheet, the bond- 
strength values are assumed to be roughly indicative of the degree o! 
hydration. Figure 9, which shows the relationship between the degree 
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beating and bond values, indicates the correctness of that assump- 


‘ion, at least insofar as the degree of beating controls hydration. 





— 
- OE. SULFITE 


SO E.SULFITE- 50 S. SODA 
W. SULFITE 
S50 E. SULFITE—- 50 N.SODA 


= 





POUNOS 
an 
oO 


BOND TEST VALUES, 

















5% 972 
BEATING TIME, HOURS 
liacurEe 9.—Effects of degree of beating on the bond strength of papers. 
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Figure 10. Relationship between bond sirength and expansivity of papers. 
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Figure 10 shows a surprising relationship between bond-strengy) 
values and expansivity. 


VII. SUMMARY AND CONCLUSIONS 


The dev elopment of high strength in wood-fiber papers by hydratio, 
or gel formation in beating affects adversely several properties Whit 
are particularly important in offset printing; namely, expansivity 
opacity, curling, and oil absorption. y 

The admixture of a filler pulp with a strong pulp such as sulfi, 
or sulfate retards the adverse effects of beating so that suitable forma. 
tion and finish can be obtained with a minimum of adverse efforts 
High folding endurance is directly opposed to low expansivity an( 
curl. Hence a higher folding endurance than is absolutely require 
is inadvisable. 

Deinked book stock had excellent opacity, but it curled excessively 
and imparted that property to mixtures in which it was used as ; 
filler pulp. Mixtures containing deinked book fibers had consistent) 
low ratings with respect to oil absorption. 

The data substantiate previous findings of the Bureau. For the 
best results in multicolor offset printing, the paper should be made 
with the minimum of beating necessary to obtain the required forms. 
tion and finish. The dev elopment of gel on the fibers, commonly 
referred to as hydration, should be carefully controlled. The best 
all-around results were obtained with sulfite-soda and sulfate-soda 
mixtures. The eastern sulfite was somewhat higher in strength than 
the western sulfite, and had better opacity, but this was offset by 
greater curl and expansivity. Bleached sulfate had relatively high 
strength combined with good opacity and low curl. Northern and 
southern soda pulps gave practically identical results in mixture with 
strong pulps. 

The folding endurance of a paper containing a substantial amount 
of filler pulp in mixture with a strong pulp is always below the average 
folding endurance of the two pulps used. 


VIII. REFERENCES TO PREVIOUS ARTICLES 


C. G. Weber and R. M. Cobb, Register studies in offset lithography, BS J. Rescare 
9, 427 (1940) RP4s80. 

C. G. Weber and L. W. Snyder, Reactions of lithographic papers to variations in 
humidity and temperature, BS J. Research 12, 53 (1934) RP633. 

C. G. Weber, Relation of paper problems to register in offset lithography, J. Researe! 
NBS 138, 609 (1934) RP730. 

C. G. Weber, Expansion and treatment of offset papers, Paper Mill 58, No. 2 
(July 20, 1935). 

C. G. Weber and M. Geib, The treatment of offset papers for optimum register 
J. Research NBS is. 93 (1936) RP859. 

C. G. Weber, Air- conditioning requirements of multicolor offset printing, Refrig 
Eng. 32, 393 (1936). 

C. G. Weber and M. N. Geib, New test for dimensional changes in offset papers, 
Research NBS 19, 665 (1937) RP1054. 

C. G. Weber, Some of the paper problems in multicolor offset printing, Paper Trade 
J. 109, 205, (Oct. 19, 1939). 

C. G. Weber, Air conditioning in printing, Refrigerating Data Book, chap. 56 
_ Society of Refrigerating Engineers, New York, N. Y., 1940). 
G. Weber and M. N. Geib, Method of Conditioning Paper for Multicolor 
“Ofteet Printing, Tech. Bul. 3 (Lithographic Technical Foundation, Inc., New 
York, N. Y., 1940). F 

C. G. Weber, Control of expansion in multicolor lithography, Paper Trade J. 112, 
119 (March 6, 1941). 


WASHINGTON, January 6, 1942. 


i 





ration 
Which 
IVity, 


sulfite 
Orma- 
ects 
y and 
Uired 


made 
orMa- 
nonly 
best 
soda 
than 
et by 
high 
1 and 
with 


10UnNt 
erage 


No. 29 
oguster, 
Refrig. 
ers, J. 
Trade 
ap. 56 


‘color 
, New 


J, 112, 


'§ DepARTMENT OF COMMERCE NATIONAL BurgAU OF STANDARDS 
RESEARCH PAPER RP1456 


t of Journal of Research of the National Bureau of Standards, Volume 28, 
March 1942 


yar 


KPECTROPHOTOMETRIC DETERMINATION OF DYSPRO- 
SIUM, HOLMIUM, ERBIUM, THULIUM, AND YTTER- 


BIUM 
By Clement J. Rodden 


ABSTRACT 


The transmittancies of solutions of the nitrates of dysprosium, holmium, erbium, 
ulium, and ytterbium were measured, over the range 350 to 1,000 my, by means 
, double-monochromator photoelectric spectrophotometer. ‘Terbium and 
ttrium show no appreciable absorption in this range. ‘The bands found most 
jitable for determination of the five elements are: for dysprosium, at 910 my; for 
»olmium, at 643 my; for erbium, at 521 my and 653 my; for thulium, at 684 my; 
and for ytterbium, at 950 my and 973 my. 

Measurements were also made of the variation with concentration of the trans- 
mittancies of solutions of the nitrates of the five elements at the wavelengths 
riven. The results obtained were applied to the analysis of several mixtures of 
rare earth oxides. The procedure supplements a similar one, previously pub- 
lished, for the analysis of mixtures of rare earths of the cerium group. 


CONTENTS 


I, Introduction_- - - 
I], Experimental part 
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2. Materials__- a 
3. Transmittancy measurements - - 
Ill. Diseussion- 


I. INTRODUCTION 


Few methods are available for the analysis of mixtures of the rare 
earth elements terbium, dysprosium, holmium, erbium, thulium, 
vtterbium, lutecium, and yttrium, which are designated as the yttrium 
group. The fact that the members of this group vary in their mag- 
netic susceptibility has been made use of by Urbain. This method, 
however, is applicable only to mixtures of the diamagnetic yttrium 
with but one other element. Another method, also applicable only 
to bmary mixtures containing yttrium, is based on determinations of 
the equivalent atomic weight. 

The success achieved in the spectrophotometric determination of 
everal members of the cerium group? of rare earth elements led to a 
similar investigation of the yttrium group. In the work reported in 
the present paper, a photoelectric spectrophotometer was used to 
'G. Urbain, Compt. rend. 150, 913 (1910). 


Recent J. Rodden, Spectrophotometric determination of praseodymium, neodymium, and samarium, J. 
sesearch NBS 26, 557 (1941) RP1395. 
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obtain spectral transmittancy curves of solutions of the nitrates 
terbium, dysprosium, holmium, erbium, thulium, ytterbium, gpg 
yttrium, and transmittancy-concentration curves for all of these excep: 
terbium and yttrium, which show no appreciable absorption. Prop 
these measurements it was found possible to determine dysprosiyy 
holmium, erbium, thulium, and ytterbium in mixtures of these gg. 
ments. 
II. EXPERIMENTAL PART 


1. APPARATUS 


A Coleman double-monochromator photoelectric spectrophoton. 
eter, model 10 S, was used. The instrument was equipped with , 
slit stated by the manufacturer to select a spectral region of 5 my 
Square absorption cells 13.08 mm between faces and requiring 5 ty 
6 ml of solution were used. 

In addition to the wavelength calibration from 400 to 750 md 
previously reported (see footnote 2), a glass containing erbium oxic 
was used to obtain an additional calibration * at 978 mu. 


2. MATERIALS 


Terbium.—The terbium oxide was obtained from the James collec. 
tion of the late Charles James, of the University of New Hampshire. 
Its emission spectrum * showed gadolinium as a major constituent, 
Dysprosium was present of the order of 0.1 percent. The color of the 
oxide was deep chocolate brown. An amount of the oxide (Tb,0, 
equivalent to 0.25 g of terbium (plus gadolinium) was dissolved in 
nitric acid, and the solution evaporated to dryness on the steam bath. 
The residue was dissolved in water and diluted to 10 ml in a volumetric 
flask. 

Dysprosium.—The dysprosium was obtained from the Eder collec. 
tion.’ Its emission spectrum showed holmium and yttrium of the 
order of 0.01 percent each. The sample was converted to oxide, and 
a solution containing 0.025 g of dysprosium per milliliter was prepared 
as described under terbium. Other solutions of dysprosium were 
made by diluting this solution. 

Holmium.—The holmium was obtained from the. Eder collection. 
Its emission spectrum showed 1 to 10 percent of dysprosium and 
about 0.1 percent of yttrium and 0.01 percent of erbium. Trans 
mittancy measurements showed the dysprosium content to be about 
2 percent. The sample was converted to oxide, and a solution con- 
taining 0.019 g of holmium per milliliter was prepared as described 
under terbium. 

Erbium.—The erbium was obtained from the Eder collection. Its 
emission spectrum showed thulium of the order of 2 percent, and 
about 0.1 percent each of holmium and yttrium.® Transmittancy 
measurements gave approximately the same amount of thulium. The 
sample was converted to oxide and a solution containing 0.0245 ¢ 0! 
erbium per milliliter was prepared as described under terbium. 

3 Acknowledgment is made to R. Stair and B. F. Scribner, of this Bureau, for the transmission measur 
ments on this glass. — 

4 Acknowledgment is made to B. F. Scribner and H. R. Mullin, of this Bureau, for the emission spectrum 
ar ee wishes to thank W. F. Meggers, of this Bureau, for placing at his disposal samples of dyspro- 
sium, holmium, and erbium from the J. M. Eder collection of rare earth salts. 


¢ The spectrographic determination of thulium was made by comparison with samples of lanthanum 
nitrate containing known amounts of thulium. 
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Thulium. The thulium oxide was obtained from the James collec- 
ion. Its emission spectrum showed approximately 14 percent of 
terbium, and erbium and yttrium of the order of 0.01 percent each. 
‘yansmittancy measurements showed 15.5 percent of ytterbium. A 
jlution containing 0.0185 g of thulium per milliliter was prepared 
s described under terbium. 

Viterbium.—The ytterbium oxide was obtained from the James 
gllection. Its emission spectrum showed about 0.1 percent of 
ijtecium and 0.01 percent of thulium. A solution of 0.025 g of ytter- 
jum per milliliter was prepared as described under terbium. 

Vitrium.—The yttrium oxide was obtained from the James collec- 
tion. Its emission spectrum showed no rare earths. A solution con- 
taining 0.025 g of yttrium per milliliter was prepared as described 
inder terbium. 

It will be noted that the purity of some of the elements mentioned 
ras determined by spectrochemical methods. Fortunately, ytter- 
jum of high purity was available. Therefore the amount of ytter- 
hium in the thulium could be determined. Then, from the data on 
the purity of the thulium, the amount of thulium in the erbium was 
tained. The amount of gadolinium in the terbium is not known, 
it neither element has usable absorption bands. The absence of 
jgnificant amounts of erbium in the holmium was also helpful. The 
amount of dysprosium in the holmium could be determined because 
iigh-purity dysprosium was available. 


3. TRANSMITTANCY MEASUREMENTS 


Spectral transmittancy curves for terbium, dysprosium, holmium, 
erbium, thulium, vtterbium, and yttrium nitrate solutions are shown 
infigures 1 to 7.7 For all but yttrium, readings were made at intervals 
of 10 mp, except where intense absorption bands occurred, in which 
case 1- to 2-mp steps were used in order to obtain the transmittancy 
and wavelength at minimum transmittancy. Readings for yttrium 
were made at the wavelengths indicated in figure 7. Terbium and 
yttrium have no bands which can be used for their determination.® 

Dysprosium has two bands that can be used for its determination, 
one at 808 my and another at 910 my. The band at 910 my absorbs 
more strongly than the one at 808 my, and in general is less affected 
y other elements of the yttrium group and is therefore to be preferred 
or the determination of dysprosium. 

Holmium has three bands, one at 452 my, one at 539 my, and one at 
643 mu. The absorption of the three bands is about the same. The 
band at 643 muy is affected least by the other members of this group 
and is therefore to be preferred for the determination of holmium. 
Erbium has an appreciable effect which must be considered and cor- 
rected for by using the appropriate transmittancy-concentration curve. 

Erbium has four bands, namely, those at 489 my, at 521 my, at 653 
my, and at 976 my in addition to a band at 381 mu. The latter band 
cannot be used readily because all of tne solutions show an absorption 
in this region (see footnote 2). The absorption differs considerably 
Rnddncasenens 

‘The transmittancy is defined as the ratio of the transmission of a cell containing solution to that of an 
identical cell containing distilled water. 

' As terbium is the only element of the yttrium group which forms a higher oxide, there is a possibility of 
reducing the TbyO7 to Tb2Os in a current of hydrogen and calculating the terbium content from the weight 


pt water pea However, it has not been established whether terbium occurs as Tb4O7 in mixtures with 
Mer rare earth oxides. 
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Figure 1.—Spectral transmittancy curve of terbium-gadolinium nitrate solution co 
taining 0.25 g of terbium per 10 ml. 
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FiGuRE 2.—Spectral transmittancy curve of dysprosium nitrate solution containir 
0.25 g of dysprostum per 10 ml. 


@ 
°o 


a 
°o 


> 
°o 


TRANS MITTANCY - PERCENT 
° 


io) 
350 450 550 650 750 850 950 
WAVE LENGTH MILLIMICRON S 


Figure 3.—Spectral transmittancy curve of holmium nitrate solution contain 
0.19 g of holmium per 10 ml. 
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Spectral transmittancy curve of erbium nitrate solution containing 
0.245 g of erbium per 10 ml. 
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Spectral transmittancy curve of thulium nitrate solution containing 0.185 
g of thulium per 10 ml. Contains 15.5 percent of ytterbtum. 
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\GURE 6.—Spectral transmittancy curve of ytterbium nitrate solution containing 
0.25 g of ytterbium per 10 ml. 
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in these bands, the ones at 521 my and 653 my absorbing the jo, 
strongly. Either or both of these bands may be used for the determi, 
nation of erbium. When holmium is present the band at 633 ms 
cannot be used because of its absorption in this region, as showy ; 
figure 16. 1 

Thulium has two bands, one at 684 my and another at 780 , 
the one at 684 my showing the greater absorption. Since the effer 
of the other elements of this group is small in each band, the oy 
at 684 mu is to be preferred. . 7 

Ytterbium shows but one sharply defined band, that at 973 y, 
but does show a flattening of the spectral transmittancy curve betwee; 
940 and 950 my. (See fig. 6.) The absorption of erbium interferes ; 


100 
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Ficure 7.—Spectral transmittancy curve of yttrium nitrate solution containing 50 
g of yttrium per 10 ml. 


a very great extent with the determination of ytterbium by mean 
of the band at 973 my. However, observations on ytterbium can be 
made at both 940 and 950 my, where erbium does not interfere. Th 
absorption at these wavelengths is considerably less than at 97 
my but is still usable. The peak of the band at 973 my is to be pre 
ferred for the determination of ytterbium, except when erbiun i 
present, in which case the 950 mu position is used. 

Yttrium has no absorption bands over the range measured. It! 
probable that lutecium has the same transmittancy as yttrium, sine 
the 4f orbit is complete in lutecium. 

Transmittancy-concentration curves for dysprosium, holmium 
erbium, thulium, and ytterbium were prepared.’ Table 1 shows tle 
wavelengths at which transmittancy-concentration measuremel! 
were made. The elements in both the cerium and yttrium grou 
which show absorption were measured in order to find out the inter 
ference of the elements with each other. It was found from thes 
measurements that a separation of the cerium group f. ..n the yttnum 
group is necessary before making transmittancy measurements. 


* As the transmittancy curves may vary significantly with slit-width and cell thickness, analysts should 
not use the data in this paper but should obtain their own standard curves. 
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Wavelengths at which transmittancy-concentration measurements were 
made 


1 ” 
Element Wavelength | Element Wavelength 


™p 




















» Interferences in these absorption bands are avoided by a preliminary separation as double sodium 
sullate. 

The transmittancies of dysprosium nitrate solutions were obtained 
at 808 and 910 my, with concentrations ranging from 0.0125 to 0.25 
of dysprosium per 10 ml. The results are shown in figure 8. Beer’s 
law holds for both bands in the concentrations examined. Trans- 
mittancy-concentration curves of other elements of the yttrium group 
at 910 mp are shown in figure 13. 

The transmittancies of holmium nitrate solutions were obtained 
at 452, 539, and 643 my, with concentrations varying from 0.0125 to 
0.190 g of holmium per 10 ml. The results are shown in figure 9. 
There appears to be a slight variation from Beer’s law for the bands 
at 452 and 539 my. There is, however, no deviation from this law 
forthe band at 643 mp. ‘Transmittancy-concentration curves of other 
edements of the yttrium group at 643 my are shown in figure 14. 

The transmittancies of erbium nitrate solutions were obtained at 
489, 521, 653, and 976 muy, with concentrations varying from 0.020 
to 0.245 g of erbium per 10 ml. The results are shown in figure 10. 
Beer’s law holds for all the bands in the concentrations examined. 
Transmittaney-concentration curves of other elements of the yttrium 
group at 521 and 653 my are shown in figures 15 and 16, respectively. 

The transmittancies of thulium nitrate solutions were obtained 
at 684 and 780 my, with concentrations varying from 0.025 to 0.185 g 
of thulium per 10 ml. The results are shown in figure 11. Beer’s 
law holds for both bands at the concentrations measured. Trans- 
mittancy-concentration curves of other elements of the yttrium 
group at 684 my are shown in figure 17. 

The transmittancies of ytterbium nitrate solutions were obtained 
at 940, 950, and 973 mu, with concentrations varying from 0.020 to 
0.25 g of ytterbium per 10 ml. The results are shown in figure 12. 
Beer’s law holds for the three bands at the concentrations measured. 
Transmittaney-concentration curves of other elements of the yttrium 
group at 950 and 973 my are given in figures 18 and 19, respectively. 
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The concentration is expressed in terms of the element. 


| 
+ 


CENT 


PER 


| 
@e 452 ma 
sient aa ~~} #2 539 ma 
of 643 mA 


TRANSMIT TANCY 


HOLMIUM NITRATE 








& 
| o_ 








| 
2 16 
CONCENTRATION - GRAMS PER 10 ML 


FiguRE 9.— Transmitiancy-concentration curves of holmium nitrate solutions. 
The concentration is expressed in terms of the element. 
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urE 11.—Transmittancy-concentration curves of thulium nitrate solutions. 


The concentration is expressed in terms of the element. 
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Figure 12.—Transmittancy-concentration curves of ytterbium nitrate solutions. 


The concentration is expressed in terms of the element. 
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Ficure 13.—Transmittancy-concentration curves of terbium, holmium, erbium, 
thulium, ytterbium, and yttrium nitrate solutions at 910 mu. 


‘he concentration is expressed in terms of the element. The concentration of terbium, thulium, yttrium 
is approximately 0.2 g of the element per 10 ml. 
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Figure 14.—Transmittancy-concentration curves of terbium, dysprosium, erbium, 
thulium, ytterbium, and yttrium nitrate solutions at 643 mu. 


The concentration is expressed in terms of the element. The concentration of —_—. dysprosium, ytter. 
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Figure 15.—Transmittancy-concentration curves of terbium, dysprosium, holmium, 
thulium, ytterbium, and yttrium nitrate solutions at 621 mu. 


The concentration is expressed in terms of the element. The concentration of terbium, dysprosium, yue 
bium, yttrium is approximately 0.2 g of the element per 10 ml. 
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FicurE 16.—Transmittancy-concentration curves of terbium, dysprosium, holmium, 
thulium, ytterbium, and yttrium at 653 mu. 


The concentration is expressed in terms of the element. The concentration of terbium, dysprosium, ytter- 
rbium, bium, yttrium is approximately 0.2 g of the element per 10 ml. 
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FicurE 17.—Transmittancy-concentration curves of terbium, dysprosium, holmium, 
erbium, ytterbium, and yttrium nitrate solutions at 684 mu. 


Ibe concentration is expressed in terms of the element. The concentration of terbium, dysprosium, ytter- 
bium, yttrium is approximately 0.2 g of the element per 10 ml. 
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Ficure 18.—Transmittancy-concentration curves of terbium, dysprosium, holmium, 
erbium, thulium, and yttrium at 950 mu. 


The concentration is expressed in terms of the element. The concentration of terbium, holmium, thulium, 
yttrium is approximately 0.2 g of the element per 10 ml. 








276 = Sournal of Research of the National Bureau of Standards 


| TERBIUM-HOLMIUM-THULIUM-YTTRIUM HAVE 100 % TRANS. 
ERBIUM NOT SHOWN ; 


e@ = DYSPROSIUM 


"FOR USE WITH 
__YTTERBIUM AT 973 mar 


TRANSMIT TANCY-PERCENT 


12 16 20 24 .28 
CONCENTRATION-GRAM PER IO ML 


FiagureE 19.—Transmittancy-concentration curves of terbium, dysprosium, holmiun 
erbium, thulium, and yttrium at 973 mu. 


I'he concentration is expressed in terms of the element. The concentration of terbium, holmium, thuliuy. 
yttrium is approximately 0.2 g of the element per 10 ml. 


III. DISCUSSION 


The extreme rarity of most of the salts used in this investigation 
made it inadvisable to prepare mixtures of these elements of known 
composition. As the method had been shown '° to be satisfactory 
with known mixtures of members of the cerium group, it might be 
expected to be applicable to mixtures of the yttrium group elements, 

An examination of certain fractions in the James collection which 
had been obtained in the purification of erbium and yttrium was 
made to ascertain the applicability of the method. The samples, 
approximately 0.2 to 0.3 g of oxides, were converted to nitrates as 
described for the preparation of the terbium solution. The trans- 


TABLE 2.—Resulis obtained in the analysis of a number of erbium-yttrium fractions 








Per- Percentage of oxides found spectrophotometrically | 
cent- | oe peeew . oe el | 
age of 
Er303 | | 

: calcu- | | | 
Oxide lated | } | Spectroscopic examination ¢ 
mixture | trom wr : ; | | , 
equiv- Er203| Y b303 | Tm20s3 | Ho203 | Dy203 Pr203 |Nd203 
alent | | j 
atomic | 
|weight a | | | 


| 


|---- 


= 
= 


j Su iS ws | 
=| ae ; aes ee 2 
| 


Er; Y; Tm; Ho; Dy; Yb; Ni 
Er; Y; Dy; Yb; Ho; Tm 
Er; Y; Dy; Ho; Tm; Yb. 
Y; Er; Dy; Ho; Tm; Yb; Nd 
Y3 Nd; Pr; Er; Dy; Ho; Yt 








| Er; Y; Tm; Yb; Dy; Ho 
| 
| 
| 


| La; Ce. 

| 
0 36 | : : a Er; Yb; Y; Tm; Lu. 
6 | f | : | _....-| Meg Yb3 Tm; La; Y. 


® Equivalent atomic weight as obtained from anhydrous sulfate to oxide ratio. 

> In calculating the Er:03 content from the equivalent atomic weight, the amounts of the elements other 
than yttrium or erbium were taken as those indicated by the spectrophotometric measurements. 

¢ Values of 49 percent of ErzOs for mixture 1, and 47 percent of Er203 for mixture 2 were obtained from 
hydrated sulfate to anhydrous sulfate ratio. , 

4 By B. F. Scribner. Elements which are set in boldface type predominate; other elements are pres? 
in minor amounts. 


NorTe.— Where no values are given, the element was not detected. 


10 Clement J. Rodden, Spectrophotometric determination of praseodymium, neodymium, and samarium, 
J. Research NBS 26, 557 (1941) RP1395. 
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™ ttancies of the solutions were obtained at the wavelengths given 

table 1 for the various elements, and the amount of each element 
was calculated as described for the determination of members of the 
opium group (see footnote 10). Two samples from another frac- 
ition series were also examined. The results are given in table 2 


tion 


and are there compared with analyses based on equivalent atomic 


weights. 

In some instances more than one band was used in determining 
an element in order to check the values obtained. For example, in 
a ytterbium- — fraction the following values for ytterbium 
were obtained: 0.280 g at 940 mu; 0.280 g at 950 my; and 0.281 g at 

3mu. Inan yell yttrium fraction, ‘0. 102 g of erbium was indi- 
eate ted at 489 muy, 0.101 g at 521 my, and 0. 100 gat 653 my. <A determi- 
nation of thulium showed 0.024 g at 684 mu ; and 0.024 g at 780 mu. 
The deviation from the true value in mixtures is unknown. With 
the cerium group mixtures, deviations greater than +3 mg are usually 
not obtained (see footnote 10). The same order probably holds for 
the yttrium group, as indicated in the results obtained for erbium 
at several wavelengths. 

A commercial sample labeled ‘Guaranteed 95 percent thulia,”’ 
obtained from a supply house, was examined and found to contain 
78 percent of Yb,O3, 12 percent of Er,O;, and 8.7 7 percent of Tm,.Q3. 

The chief application of the method should be in following frac- 
tionations of yttrium group material. An important feature of this 
method for the analysis of rare earth compounds is that no material 
s lost during the course of the analysis. The method can also be 
used for the analysis of rare earth minerals. As outlined in the paper 
on the cerium group (see footnote 10), the rare earth elements are 
first separated from other elements, and the cerium and yttrium 
croups then separated by means of sodium sulfate. The cerium 
croup elements—cerium, praseodymium, neodymium, samarium, and 
europilum—can then be determined in the insoluble portion, and 
dysprosium, holmium, erbium, thulium, and ytterbium of the yttrium 
sroup elements in the soluble portion. 


Wasnineton, December 12, 1941. 
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DIELECTRIC CONSTANT, POWER FACTOR, AND CON- 
DUCTIVITY OF THE SYSTEM RUBBER-CALCIUM CAR- 
BONATE 

By Arnold H. Scott and Archibald T. McPherson 


ABSTRACT 


The dielectric constants and power factors of mixtures of calcium carbonate 
with Vistanex and with natural rubber were determined at 1 and 100 kilocycles 
nersecond. There was little difference between the values at the two frequencies. 
Two different formulas were found to express the dielectric constants of the 
mixtures as functions of the dielectric constants of the respective components. 
The dielectric constant of the pure calcium carbonate employed was determined 
y the method of liquid mixtures. The power factors of the rubber-calcium 
carbonate mixtures were intermediate between those of the components. The 
conductivities of the Vistanex—calcium carbonate mixtures measured at the end 
{1 minute of electrification were intermediate between those of the components, 
byt the conductivities of the mixtures of natural rubber and calcium carbonate 
seemed to go through a minimum. 
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I. INTRODUCTION 


A study of the electrical properties of rubber-filler systems has been 
undertaken by the National Bureau of Standards for the purpose of 
uriving at general relations for the effect of typical fillers on the 
dielectric constant, power factor, and conductivity of rubber com- 
pounds containing the fillers. It is intended that the investigation be 
comparable in scope to the previous study of the system rubber- 
sulfur [1].!. A portion of the work dealing with calcium carbonate 


ns 


' Figures in brackets indicate the literature references at the end of this paper. 
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as a filler has been completed and is presented here. 

The term “rubber” has been rather broadly construed in connection, 
with these studies to include not only conventional vulcanized natyys| 
rubber, but also synthetic rubber-like materials. Thus, specimens 
made from Vistanex, a high molecular weight polymer of isobutylenp 
have been included in the present work. The experimental eoy,! 
pounds which were prepared are simpler than any which would }, 
employed in practice, the aim being to look for general relatioys 
rather than to develop practical insulating compounds. 


II. PREPARATION OF THE SPECIMENS 


The specimens were made by adding calcium carbonate to the bas 
compounds in a series of amounts up to about 50 percent by volun, 
The composition was closely controlled and special attention was paid 
to the molding of the specimens so as to obtain the high degree of 
uniformity in thickness requisite for the accurate determination of the 
electrical properties. 


1. COMPOSITION AND MIXING OF THE EXPERIMENTAL 
COMPOUNDS 


One base compound was made from natural rubber according to the 
following formula: 


Ingredients: Parts by weight 
Blended smoked sheet rubber_—_-_—_- 100 
Zine oxide (Kadox) - _- 
Stearic acid___- 


Tetramethylthiuram disulfide- 


106 


The natural rubber had been blended before purchase so as to give a 
uniform grade of rubber for test purposes. This base compound 
and the calcium carbonate compounds prepared from it were vulcanized 
for 30 minutes at 126° C. 

The other base compound consisted of high molecular weigh 
Vistanex. Vistanex is a polymer of isobutylene produced in the 
United States by the Advance Solvents and Chemical Corporation 
The Vistanex compounds, of course, required no vulcanization. They 
were of such consistency that specimens could be molded to precise 
dimensions. They had the advantage over rubber specimens that 
they could be remolded repeatedly if they were imperfect or not of th 
desired shape. 

The calcium carbonate used in the investigation was of the reagent 
grade and of the type low in alkalies. 

The maximum limit of impurities was 0.5 percent for magnesium 
and 0.08 percent for all other impurities. It was assumed that the 
magnesium carbonate was similar to calcium carbonate in its effect 
on the electrical properties and that the other impurities were preset! 
in too small amount to be of significance. 

The compounds were usually mixed in a laboratory internal mixer 
The mixer was not perfectly tight, so that some of the calcium car- 
bonate was lost by dusting; batches were weighed before and alter 
the addition of this material and the loss was made up. ‘The vuleani- 
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, agent, tetramethylthiuram disulfide, was added on a roll mill, as 
s ihe ‘usual practice. 

The accuracy of the compounding was checked by determining the 
specific gravity of the finished specimens, and, in the case of the 
\istanex compounds, the residue on ignition was determined as a 
further check. Vistanex, unlike natural rubber , can be driven off at 
a tempe ‘rature below red heat, and hence well below the temperature 

.t which calcium carbonate undergoes significant decomposition. 


2. MOLDING AND VULCANIZING OF THE SPECIMENS 


Special care was necessary in order to mold the specimens so that 
they would be free from entrapped air and would be sufficiently uni- 
form in thickness to permit the determination of dielectric constant 
to be made to the desired accuracy. Two forms of specimens were 
ised. Some of the specimens were prepared in the form of disks 
having embedded aluminum electrodes, whereas the rest were pre- 
pared in the form of rectangular slabs to which foil electrodes were 
subsequently applied. 

The disk-shaped specimens were similar to those employed in a 
previous investigation [1j, where one embedded electrode was smaller 
than the other. The present specimens were made considerably 
thicker in an effort to improve the precision with which the effective 
thickness could be measured. The method of measuring thickness 
is described in a subsequent section of this paper. The electrodes 
were 15 em and 20 em in diameter, respectively, and the thickness of 
ihe rubber was about 0.6 em. When these specimens were molded 
und vuleanized in a single operation they were somewhat thicker at 
the center than at the edges, or slightly lens-shaped. In order to 
obviate this difficulty, the stock was first molded in the form of a 
blank at about 100° C. After the electrodes had been applied, it was 
again molded at 100° C. The temperature was then raised to 126° C 
and the specimen vulcanized. By thus separating the molding and 
vulcanizing operations it was possible to obtain specimens whic +h were 
highly uniform in thickness. 

When specimens having embedded electrodes were being prepared, 
blanks of the stock were usually made and allowed to stand for several 
days before they were molded to the final shape. This was done to 
get rid of air, which is often entrapped in compounds containing large 
amounts of filler. In forming the blanks, any air pockets present are 
collapsed by the high pressure -and the air is forced into solution. When 
the pressure is released the air remains in the form of a supersaturated 

olution which diffuses slowly to the surface and escapes if no elec- 
odes are present. If electrodes have been applied before the air has 

(time to escape, it accumulates in pockets underneath them. 

The rectangular specimens were about 16 cm long, 15 em wide, and 
.6 em thick. Tinfoil electrodes were made to adhere to the speci- 
ens, using a thin film of vaseline as an adhesive, by rolling the tinfoil 
down with a narrow roller. This gave tightly adhering electrodes, 
= e the small amount of vaseline left was absorbed by the rubber. 

One electrode was made to cover an entire face, the opposite one was 
cut to a rectangle 11 by 12 cm. The vaseline used in applying the 
tinfoil elec ‘trodes probably did not affect the electrical properties of the 
specimens, since comparative measurements made with embedded 
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aluminum electrodes and tinfoil electrodes agreed within experiment,| 


error. 
3. EXAMINATION OF SPECIMENS FOR POROSITY 


The specimens were carefully examined for porosity, since the 
presence of voids, or air pockets, would decrease the accuracy of the 
electrical determinations. Large defects in the specimens hayino 
embedded electrodes were usually made evident by a variation jp 
thickness. Typical specimens were cut up after 
the electrical measurements had been made, an( 
the cut edges of the compound were examined fo; 
pores. When defects were found in any specimen, 
the measurements on that specimen were discarded 

In order to investigate the possibility that the 
specimens might be more porous than yisug] 
inspection would indicate, compressibility meas. 
urements were made on strips cut from represen. 
tative specimens. Volume compressions at 1,500- 
lb/in.? and 3,000-lb/in.? pressure were determined, | 
If no air pockets were present, the volume com. 
pression at 3,000 ~ ea should be approximately 
twice that at 1,500 lb/in.2 Large deviations from 
this can be attributed to air pockets which are 
collapsed at the lower pressure. 

To make the volume compression measurements, 
the specimen strips were placed in a Pyrex-glass 
piezometer having the form shown diagrammatic. 
ally in figure 1. When this was placed under 
pressure in a pressure bomb, mercury was forced 
through the fine capillary in the bottom and 
dropped off the tip inside, thus being trapped. 
After the pressure was released, this mercury was 
weighed. From a knowledge of the weight of the 
mercury, the volume of the capillary, the con- 
pressibility of the glass, the volume of the piezon- 
eter, and the volume of the specimen, the volume 
compression (K=AV/V,) of the specimen could be 
determined. 

After the volume compressions for 1,500-lb/in’ 
and 3,000-lb/in.2 pressure had been determined, 
the fraction of the volume (U) of the specimen 
occupied by air pockets was computed from 


ae. 
U=K’— pr—pi)P", 
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Figure 1.—Piezo- 
meter for measuring 
volume compressions : 
of rubber spectmens where K’ is the volume compression for pressure 

A, lapped surface;B, spe- 2 in 2 Gar 7 » res- 
ane t beer eee P’ (1,500 lb/in.’) and is the volume comp ‘ 
confining liquid; £, mer: sion for pressure P’’ (3,000 lb/in.?). This assumes 
sineal that the compressibility of the specimen does not 
vary with the pressure. Since the compressibility decreases somewha! 
with pressure, the values thus obtained are higher than the actual 
values. However, the error is not large, and if the computed valu: 


is below the allowable limit, the actual value certainly is. All the 
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eyecumens used in this work that were not discarded as a result of 
rsual inspection contained less than 0.4 percent by volume of air. 
since the thickness cannot be measured more closely than 1 percent, 
‘twas assumed that air volumes of 1 percent could be tolerated. The 
specimens were well within this limit. 


II]. MEASUREMENT OF DIMENSIONS OF THE SPECIMENS 


The thickness of each of the circular specimens having aluminum 
dectrodes was measured by means of the tilting-bar gage described in 
4 previous publication [1]. The over-all thickness was measured at a 
number of points according to a fixed pattern, and from this the 
combined thickness of the two electrodes was subtracted. The area 
of the specimen was taken as the area of the smaller electrode. The 
diameter of the smaller electrode was measured by means of a steel 
rule. 

The thickness of each of the rectangular specimens was determined 
fom the volume obtained by means of hydrostatic weighings. The 
edges were cut straight by means of a knife working in a guide, § 
strip about 0.6 cm wide being cut from each edge. The length and 
breadth were then measured by means of a steel rule and the area was 
computed. From the area thus obtained and the volume found by 
hvdrostatic weighing, the average thickness was computed. A few 
of the specimens were measured for uniformity of thickness, using a 
sare designed by Holt [2], which applied very light pressures to the 
specimen. The area used in computing the dielectric constant was 
that of the smaller electrode, and this was computed from measure- 
ments of the length and breadth made with a steel rule 


IV. ELECTRICAL MEASUREMENTS 


1, DIELECTRIC CONSTANT AND LOSS TANGENT OF THE RUBBER 
COMPOUNDS 


The capacitance and loss tangent (tangent of the phase difference 
angle, i. e., tan 6)? of the specimens were measured on a conjugate 
Schering bridge similar to the one described in the American Society 
for Testing Materials standard method for measuring capacitance and 
power factor [3]. A diagram of the bridge is shown in figure 2. The 
entire bridge, with the exception of the transformer supplying the 
power, was enclosed in a grounded metallic cage which was large 
enough to accommodate the operator. The four arms of the bridge 
are indicated by the subscripts 1, 2, 3, 4, and the Wagner ground is 
indicated by the subscripts 5 and 6. The variable resistor, R,, when 

‘The term “loss tangent’’ is used throughout this paper rather than “power factor,’’ because the loss 


tangent comes directly from the bridge equations. For values less than 0.1, the loss tangent and power 
factor are the same within experimental error. 
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properly adjusted, aided in the balance of the bridge? The functio, 
of this resistance in the bridge balance has been discussed by Astip 
in his detailed analysis of the bridge [4]. y 5 

In making a measurement of capacitance and loss tangent sever! 
cycles of adjustment were necessary in which the detector was ¢op. 
nected first to the bridge and then to ground. The specimen (C,) wa; 
connected into the bridge by closing switch S, to 1. A cycle of adjust. 
ments consisted of closing switch S, to 1 and balancing the bridge hy 
adjusting C, and C;, then throwing switch S, from 1 to 2 and balancine 























FiguRE 2.—Conjugate Schering bridge for measurements of capacitance and loss | 
tangent. 


the bridge by adjusting C; and R;. This cycle was repeated until 
throwing switch S, from 1 to 2 did not affect the balance. 
Convergence to balance was made more rapid by the proper adjust- 
ment of R,. This adjustment was made after one or two cycles of 
adjustment, as described above, and needed to be made only once, as 
long as specimens of about the same capacitance were measured. Thi 


3 The solution of the generalized bridge equations can be shown to be 


WitViu — er 
VitVneV 2 Yu¥3), 
where Yi, Yo, Y3, Ys are the admittances of the four arms of the bridge proper, Yr and Y11 are the a¢ 
tances to ground of the two detector points of the bridge, V1 and Vj; are the potentials of the detector pi 
with respect to ground, and Vj is the potential of one of the source points with respect to ground. 
right-hand side of the equation can be made equal to zero by making Vi= V11=0, which is the object of the 
Wagner-grounded bridge technique. However, if the balance adjustments of the bridge proper depend 
appreciably on the values of the admittances in the Wagner ground and in the source, as is often the cas 
for shielded bridges, it may be difficult to adjust Vr and Vzz to zero. This dependence can be materiat) 
decreased by the adjustment of either Yi or Y11 to make 

Y1Yo= Yur ¥Y3. 

Thus the proper adjustment of R, in the present bridge arrangement decreases the dependence of the bal- 
ance adjustments of the bridge proper on the Wagner ground and source admittances, and materiah) 
decreases the effort required to Ft men the bridge. 


YiY¥3—-NnYie 
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adjustment of R, was made as follows. With the balance obtained 
when the switch S, was thrown to 1 as described above, Rs was set 
aificiently off balance to give a good indication in the detector. R, 
was then adjusted for a minimum detector indication. The regular 
oyeles of adjustment for balance were then continued. 

“When the bridge had been properly balanced, readings of C; and C, 
were taken. Call them C,’ and C3’, respectively. The specimen was 
‘hen disconnected by throwing switch S, to 2. The bridge was 
adjusted as before without disturbing R,, and the readings of C; and 
(, were again taken. Call them ©C,/’ and ©;’’, respectively. The 
capacitance, C, was then computed by means of the equation 


C= C*—¢". (2) 


The edge capacitances were determined by the method described 

a previous paper [5] for computing the edge capacitance from the 
nerimeter of the smaller electrode and the thickness of the specimen. 
Thus the dielectric constant, AK, of the material is given by 


C—C, 
oops (3) 
C - i" On 4 


K 


the measured capacitance of the specimen in micromicro- 
farads 

F ™ 3.8 

30° 0 


Ca~=.0405P 

P=perimeter of the small electrode in centimeters 
b=thickness in centimeters, and 

A=the area of the small electrode in square centimeters. 

It was shown in the previous paper [5] that C; was independent of 
ihe dielectric constant of the material and was therefore presumably 
the capacitance in air at the edge of the electrodes, so the loss tangent 
of the material, tan 6,, 1s given by 


tan 6 —_— ios 2 § (4) 
Bom, 





where w is 2x times the frequency, and R; is the resistance in parallel 
with C3. 

Equations 2 and 4 are not exact but give the values with sufficient 
approximation if the loss tangent of the specimen is less than 0.1 and 
if the loss tangent of the standard capacitor, C,, can be considered to 
be zero. The specimens were measured at two frequencies, namely, 
| kilocyele per second and 100 kilocycles per second. 


2. DIELECTRIC CONSTANT OF CALCIUM CARBONATE 


The dielectric constant of the calcium carbonate was found by two 
diferent methods. One method, which is described in another paper 
\6], consisted in making direct measurements on specimens of white 
marble in the form of flat disks. In the other method, various mix- 


tures of two liquids, one of which had a higher dielectric constant and 
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the other a lower dielectric constant than the powder to be measured 
were prepared. The powder was added to these liquid mixtures gnj 
the effect of the powder on the dielectric constant of the mixtur 
determined. The dielectric constant of the powder is the same as thet 
of the liquid when the dielectric constant of the mixture of powde 
and liquids is the same as that of the liquid mixture alone. Son, 
of the more recent descriptions of this method are given by Lucy 
Campbell, and Maass [7], Whitehead and Hackett [8], Cheng [9], ang 
Wacbholtz and Franceson [10]. Actually, the liquid mixture haying 
a dielectric constant exactly that of the calcium carbonate was po; 
prepared, as this would have been too tedious. The value of the dielee. 
tric constant of the calcium carbonate was obtained by interpolation, 
A number of liquid mixtures were pr. 
pared, each having a different proportioy 
_— PYREX of the two liquids, benzene, and nitrobep. 
zene. The dielectric constants of these 
liquid mixtures were determined by means 
of a cylindrical cell, which is shown iy 
cross section in figure 3. This cell was 
calibrated by means of benzene, the di- 
electric constant of which is known. The 
level of the liquid in the cell was kept to 
+— BRASS mark on the inside of the cell. After the 
dielectric constant of the liquid mixture 
had been determined, 20 grams of calcium 
carbonate powder was added to the 
liquid mixture in the cell. The exces 
liquid was removed from the cell to bring 
its level again to the mark, and the change 
in capacitance of the cell was determined. 
PYREX The percentage changes in capacitance 
were then plotted against the dielectric 
Fiaure 3.—Cylindrical cell constants of the liquid mixtures, and 4 
for measuring the dielectric curve was drawn through the points, as 
constants of powders. shown in figure 4. The point where the 
curve crosses the zero ordinate line gives the dielectric constant of 
the calcium carbonate. 
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3. CONDUCTANCE 


The conductance of the specimens was determined from measure- 
ments made either with a highly sensitive galvanometer used as an 
ammeter, as described in a previous paper [1], or by means of an elec- 
trometer tube circuit similar to the one described by Penick [11] 
In the latter case, a Western Electric electrometer tube was used. 

A diagram of the electrometer tube circuit is shown in figure 5. The 
circuit is so arranged that effects of fluctuations in the filament current 
are minimized. The circuit was balanced to give zero deflection of the 
galvanometer, G, in the following way. The current through the fila- 
ment was adjusted to the rated value (0.27 ampere) by adjusting R, 
Resistor}R; had been so chosen that this current flowing through it 
gave the proper negative bias (3 volts) to the grid. The resistance 0! 
R;'was so chosen that a potential difference of about 8.5 volts existed 
between A and B. With the grid at —3 volts and the galvanomete, 
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(disconnected, the slider on R; was adjusted until the potential be- 


pween A and C was about 5.3 volts. 2, was then adjusted until the 
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Figure 4.—Curve for determining the dielectric constant of calcium carbonate powder. 


The points are values of the percentage change in the capacitance of the cell when the powder was added to 
theliquid. The dielectric constant of the powder was taken as that of the liquid where the curve crossed 
the zero line. 
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potential between A and D was about 4 volts. Next, the galvanom- 
eter was connected and R, was adjusted until the galvanometer 
deflection was zero. &, was then changed so that the filament current 
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Figure 5.—Electrometer tube circuit for measuring conductance. 


was slightly altered. If this deflected the galvanometer, the slider 
on R; was not in the correct position, and it therefore was moved 


440573 42-4 
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slightly in one direction. The galvanometer deflection was aga) 
brought to zero by adjusting R,. If this decreased the effect of , 
slight change of 2, on the galvanometer deflection, the slider oy . 
was moved still farther in the same direction. If it increased the efor: 
then the slider was moved in the opposite direction. This adjustmey; 
was continued until a slight change in the filament current did no; 
affect the galvanometer deflection. 

To make a determination of conductance, switch S; was thrown jy 
1, thus connecting the specimen into the circuit, S, was connected t) 
the proper grid resistor, and S, was closed in one direction. The ey. 
rent which flowed through the specimen also flowed through the or; 
resistor, R,, and thus caused a potential difference between the ends 
of the resistor. Since the grid of the electrometer tube was connected 
to one end of the grid resistor, a potential was applied to the grid 
which caused a deflection of the galvanometer, G. The deflection of 
the galvanometer was noted at the end of 1 minute. The potentig| 
due to the specimen current flowing through the resistor, R,, was 
then removed from the grid and an equal potential applied whic) 
could be measured. To do this, switch S, was opened and §, was 
turned to the contact which had no resistance connected to it. Switch 
S; was thrown to 2 to short the specimen and guard to the opposite 
electrode. A potential was applied to the grid of the tube by closing 
switch S; in such a direction that the deflection of the galvanometer 
was the same as before. The potentiometer, R,, was then adjusted 
until the magnitude of the deflection was the same as before, which 
indicated that the potential applied to the grid of the tube was the 
same as before. This potential was measured by means of a millivolt- 
meter connected to switch S;. After the specimen had been shorted 
at least 2 minutes, a second measurement was made with switch §, 
closed in the opposite direction. An average of the two readings of 
the millivoltmeter was taken for computing the conductance. Th 
conductance, G,, of the specimen is given by 

- 
gO, 
at 


where G is the conductance of the grid resistor, R,, E, is the averag 
reading of the millivoltmeter, and £, is the potential applied to the 
specimen. 


V. RESULTS 


The values of dielectric constant, loss tangent, and conductivity 
(at end of 1 minute of electrification) for mixtures containing calcium 
carbonate are given in tables 1, 3, and 4. The first column of each 
table gives the base materials with which the calcium carbonate was 
mixed. The second column gives the percentages of calcium cat- 
bonate by volume in the mixture. The maximum, minimum, and 
mean values of each property are given, as are the number of deter- 
minations made. The values of dielectric constant and loss tangent 
are given for two frequencies. 
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1. DIELECTRIC CONSTANT 


The values of dielectric constant given in table 1 were plotted 
against the percentages of calcium carbonate by volume, as shown in 
feure 6 Where the measured values are represented by circles. Only 
the values at 1 kilocyele per second are shown in the figure, since 
there is only a small difference between the values at the two 
Ireque ne ies. 

The value 8.75 used for the dielectric constant of the calcium 
carbonate is the one obtained for the powder by the method of liquid 
mixtures. This value is about 2 percent higher than the value (8.57) 
obtained for the dielectric constant of the white marble [6]. The 
value 8.75 was used in spite of the fact that it was determined by a 
less precise method because it was obtained on a sample of the powder 
ihat was used in preparing the specimens. 

Many formulas have been proposed for representing the dielectric 
constants of mixtures. Laichtenecker [12] and also Wachholtz and 
Franceson [10] have considered most of them and have given com- 
prehensive discussions of their limitations. A few of the most promis- 
ing of these were tested to see if they would fit the present data. 
Two formulas agreed with the data sufficiently well to warrant con- 
sideration. 

One of these formulas was developed by Wiener [13] for the con- 
ductivity of mixtures. Since the formula for the conductivity involves 
the dimensions of the specimens in the same way as the formula for 
the dielectric constant, either may be used in the Wiener formula. 
Using the dielectric constant, the formula becomes: 


Sh at, 6) 
K+FEK, °“K.+ FR, 

Ki [kK.+ Fi + V2F(K,—K))), (7) 
K.+-FR,i— V ‘(Ba Ki) 


Where K, Kj, and K;, are the dielectric constants of the mixture, con- 
(inuous phase (rubber), and the dispersed phase (calcium carbonate), 


=Vy 


os 
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respectively, V2 is the volume fraction of the dispersed phase, and F 
is a characteristic constant. If /=0, we have the series distributio, 
of the components, as shown diagrammatically in figure 7 (a), |j 
F'= @, we have the parallel distribution of the components, as showy 
diagrammatically in figure 7 (b). If F=2, we have the form, 
developed by Maxwell for spheres embedded in a continuous medium 
as illustrated in figure 7 (c). 
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Ficure 6.—Dielectric constant of rubber containing calcium carbonate at 1 kilocycle 
per second, 
The points represent experimental values and the curves are given by equation 7, page 289. 






































Formula 6 ‘was developed independently by Fricke [14], who con- 
puted the values that F should have for certain ellipsoidal shapes of 
the embedded particles. If the particles are flattened and their short 
axes are parallel to the field, F will have a value less than 2 but greater 
than 0, whereas if the short axes are perpendicular to the field, F wil 
have a value greater than 2. 

Wachholtz and Franceson [10] investigated the dielectric constants 
of mixtures of paint pigments in linseed oil. They found that the 
shape of the particles had a decided effect on the dielectric constant 
of the mixture. They also found that F was essentially constant with 
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rariations in the powder content for those powders whose particle 
shapes did not differ too radically from the symmetrical shape. Since 
the particles had random orientation, they found that F was always 
jarger than 2 if the particle deviated from the symmetrical shape. 
Thus for barite which had cubical particles (the space arrangement is 
not very different for spheres and cubes) the value of F' was 2, but for 
rine sulfide, which had elongated particles, the value of F was 3.8. 
Applying eq 6 to our present data, we can solve for F and get values 
of Ffor the various percentages of the calcium carbonate in the rubber. 


Thus we have : 
__ V.K(K2—K,) —K,(K—K,) 


Tova (8) 
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Ficure 7.—Distribution of components for formula (7). 


(a) Series distribution, F=0. 
(b) Parallel distribution, F=o. 
(c) Spheres embedded in continuous phase, F=2. 
The two components are distinguished in each case by the different slopes of the cross hatching. 


The values of F computed by means of formula 8, using the data in 
table 1, are given in table 2. The values of F for the rubber base are 
probably constant within experimental error, but there is a definite 
increase with filler content for the Vistanex base. By giving more 
weight to the values obtained with higher filler contents, it seems that 
271s the most probable value of F. Using this value of F, the values 
of dielectric constant were computed for varying percentages of cal- 
dum carbonate for both Vistanex and natural-rubber bases. The 
curves shown in figure 6 represent the computed values. The points 
represent the measured values. The values of dielectriz constant for 
the percentages of fillers used in the specimens are given in the fifth 
column of table 2. The agreement between the measured and com- 
puted values for the specimens having the natural-rubber base is very 
good, the difference being less than 1 percent. The agreement is not 
quite so good for the specimens having the Vistanex base, but the 
differences between the measured and computed dielectric constants 
are less than 2 percent. 
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According to the work of Wachholtz and Franceson, the amount by 
which the value of F exceeds 2 is a measure of the elongation of the 
particles. Since this difference for calcium carbonate is 0.7, the ind. 
cation is that the particles of calclum carbonate are elongated some. 
what. 

The other formula which gave values agreeing well with the meas. 
ured values of dielectric constant was 


kK? = VK? + V.K2', 


where K, K,, and kK, are the dielectric constants of the mixture, 
continuous phase, and the dispersed phase, respectively, V; and 7 
are the volume fractions of the continuous phase and the dispersed 


phase, respectively, and z is a constant. 

The value of z that fitted the data most closely was found by the 
method of trial and error to be 0.2. Using this value of z, the values 
of the dielectric constant were computed ‘by means of formula 9 for 
the percentages of calcium carbonate used in the specimens. These 
values, which are given in the sixth column of table 2, agree with the 
measured values as well as did the values computed by meats of 
formula 7. Although formulas 7 and 9 give values which agree about 
equally well with the measured values, formula 7 may be preferred, 
since it gives some indication of the shape of the particles and state of 
dispersion of the powder. 


2. LOSS TANGENT 


The values of loss tangent at 1,000 cycles per second given in table 
3 are plotted in figure 8 against the percentages of calcium carbon: ate 
by volume. The vertical ‘lines through the points indicate the spreat 
in values. Since the data in table 2 indicate practically no 90 
with frequency for the specimens containing a natural rubber and 
small decrease with frequency for the specimens containing Vistanet 

values for only the one frequency have been plotted. The loss tangent 
appears to increase directly with the percentage of calcium carbonate 
by volume. The straight lines drawn through these points and 
extended to 100-percent ‘calcium carbonate would indicate a value fo 
the loss tangent of calcium carbonate higher than the average valu 
obtained for the marble. However, the extrapolated values lie withit 
the range of values obtained, so that it can be assumed that the loss 
tangent is directly proportional to the calcium carbonate content. 
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RLE 3.—-Loss tangent of mixtures containing calcium carbonate as a filler 
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Loss tangents of rubber containing calcium carbonate at 1 kilocycle per 
second, 














‘The vertical lines through the points show the spread of values. 
3. CONDUCTIVITY 


The conductivity was determined at the end of 1 minute of elec- 
trification and is called the “l-minute’’ conductivity. The loga- 
rithms of the values of the 1-minute conductivity given in table 4 are 
plotted in figure 9 against the calcium carbonate content. The 
vertical lines through the points indicate the spread of the values. 
The conductivities of the two base compounds are quite different, 
that of the natural rubber compound being about 50 times that of 
Vistanex. The curves of the two (solid lines) are also quite different. 
The conductivity of the specimens containing natural rubber passes 
through a minimum, whereas that for Vistanex increases continuously 
with increasing caleium carbonate content. 
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TABLE 4. Conductivity of miatures containing calcium carbonate as a wsanal 
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FicuRE 9.—Conductivity of rubber containing calcium carbonate. 


The vertical lines through the points show the spread of values. 
The solid line curves were obtained from equation 10, page 294. 


Since eq 7, which fitted the dielectric-constant data so well, was 
originally developed for conductivity, it is of interest to see how it 
fits the measured values of conductivity. Substituting conductivi- 
ties for dielectric constants, 


ytFun y+ Fy,’ 


where ¥ is the conductivity of the mixture, 7; is the conductivity of 
the rubber, 72 is the conductivity of the calcium carbonate, V is the 
volume fraction of the calcium carbonate, and F is a characteristic 
constant. The dashed curves of figure 9 ‘represent the values com- 





ase f > Y¥2-MV1 (10) 
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puted by means of eq 10, using the value of 2.7 for F, These values 
do not agree with the data for 1-minute conductivity. The con- 
ductivities for specimens containing Vistanex were much higher than 
the computed values, while for those containing natural rubber they 
were much lower. It is apparent that the 1-minute conductivity is 
not a direct result of structure but is caused by secondary effects. 

In considering the conductivity of a dielectric, it must be kept in 
mind that the conductivity at the end of 1 minute is a purely arbitrary 
determination. Rubber compounds usually have considerable elec- 
trical absorption, which means that the current flowing through the 
specimen under constant potential decreases with time, rapidly at 
frst, then more slowly. Thus the conductance which is determined 
will depend on the time at which the current was measured. Since 
different specimens may exhibit different electric absorption curves, 
the conductances determined for a fixed time of electrification may 
not be comparable. This may explain why the measured values do 
not agree with the computed values. 


VI. SUMMARY 


The results obtained in this investigation indicate that either the 
formula developed by Wiener (formula 7) or the exponent formula 
formula 9) may be used for the computation of the dielectric con- 
stants of mixtures of calcium carbonate and rubber. Formula 7 may 
be preferred, since it gives some indication of the shape of the particles 
and state of dispersion of the powder. 

There was little difference between values of the dielectric constant 
and loss tangent at 1 kilocycle per second and at 100 kilocycles per 
second. 

The change of the loss tangent with the content of calcium carbonate 
was not large, but a direct relationship between loss tangent and 
percentage of calcium carbonate was indicated. 

The 1-minute-conductivity values increased continuously with in- 
creasing content of calcium carbonate when Vistanex was used as the 
base but passed through a minimum when natural rubber was used. 
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TEMPERATURE ESTIMATES OF THE PLANET MARS, 1924 
AND 1926 


By W. W. Coblentz 


ABSTRACT 


T-4a-4 


In earlier publications (8512 and 8553), data were given on the planetary radi- 
ation emanating from different parts of the surface of Mars as measured with a 
thermocouple and filters. From these radiometric measurements, planetary 
emperatures were calculated by five methods, using the transmission data of the 
earth’s atmosphere at 7 to 15 yw, published by Fowle in the Smithsonian Physical 
fables. In the meantime, based upon observations at Flagstaff, Arizona (ele- 
vation 7,250 ft), Adel and Lampland have published atmospheric transmissions 
that appear to be somewhat different from the Smithsonian measurements, in 
the spectral band extending from 7 to 15 u. 

Since the planetary-radiation measurements were made at Flagstaff, the data 
btained during the oppositions of Mars in 1924 and in 1926 have been recalcu- 
ited, using the atmospheric transmissions observed at that station. In the 
present communication the five methods and procedures previously used, by 
three calculators, in deriving planetary temperatures are reviewed, and it is 
shown that in four of these methods of calculation, which employ the law of total 
radiation of a black body, there is but little difference in the planetary temper- 
atures deduced by using the transmission coefficients of the earth’s atmosphere 
published by these two sets of observers. This is owing to the fortuitous circum- 
stance that, while they differ in spectral outline, there is but little difference in the 
total areas encompassed by these two transmission curves, and hence, in the cal- 
culated total amount of planetary radiation transmitted by the earth’s atmos- 
phere. Hence, no revision is made of the planetary temperatures previously 
leduced by the four methods involving the law of total radiation. 

On the other hand, the fifth method, using the law of spectral radiation of a 
black body and the Flagstaff transmission coefficients of the atmosphere, gives 
planetary temperatures that are entirely different from the values previously 
leduced by this method, and by the four other methods, by applying the Smith- 
sonian data. This inconsistency can be eliminated, at least in part, and the data 
harmonized by taking into consideration selective emission of the planetary 
surface. 

On the assumption that the surface of Mars, like that of the earth, is composed 
of silicates (feldspar, mica, silica, etc.) which have a high selective emission at 
Sto 10 wu, the temperatures derived from the spectral components of planetary 
radiation of Mars, measured in 1926, are in good agreement with the values calcu- 
lated by other methods that are less affected by selective spectral emission. From 
this it would appear that, assuming that the temperatures deduced by the other 
uethods of calculation are indicative of meteorological conditions at the time of 
making the observations, the fluorite-filter method of analysis may be a useful 
a of securing information on the selective spectral emission of the planetary 
surface, 

Ina supplementary note a new thermocouple, made of bismuth and Chromel-P 
Wires, suitable for planetary radiometry is described. 
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I. INTRODUCTION 


In a previous paper [1]! the writer summarized estimates of the 
temperature of the surface of Mars, based upon radiometric measure. 
ments with filters, including a plate of fluorite 2.7 mm in thickness, 
which give an integrated spectrum analysis of the band of planetary 
radiation, of wavelengths extending from about 7 to 15 uy, that js 
freely transmitted by the earth’s atmosphere. 

In the absence of a spectroradiometric analysis of the energy dis. 
tribution of radiation from the planet, transmitted by the earth’s 
atmosphere, the fluorite filter is especially useful in separating this 
band of radiation into two components (A, extending from about 7 to 
12.5 yw; and B, extending from about 12.5 to 15 uw), the ratio of which 
gives some indication of the selective emission of the planetary 
surface [1, p. 379]. 

In the previous calculations of planetary temperatures the trans- 
mission coefficients of the earth’s atmosphere, observed by Fowle [7] 
and published in the Smithsonian Physical Tables, were used. The 
temperatures derived from a comparison of the observed and the cal- 
culated ratios of the spectral components, A: B, were of the same 
magnitude as those obtained by several other methods of calculation. 
In other words, the fluorite-filter analysis gave no definite indication 
of the selective emission that is to be expected to obtain on a planet 
having a surface (presumably composed of silica, silicates, and per- 
haps sulfates) similar to that of the earth [1, p. 379]. 

Moreover, since all the methods of analysis indicated that the 
temperature of the dark areas of Mars, under a noonday sun, rises 
considerably above the freezing point of water (in agreement with 
visual observations), the tendency seemed to be to consider the 
question solved. However, this question is reopened by the publica- 
tion of atmospheric-transmission data, by Adel and Lampland [4], 
indicating a higher transmission at 8 to 9 » and a lower transmission 
at 13 to 14 » than that given in the Smithsonian Physical Tables. 
The implications of the effect this shift in spectral transmissions would 
have on the ratios of the components, A: B, were at once apparent to 
the writer and were verified by calculations, which showed that the 
planetary temperatures derived by using the atmospheric transmis- 
sions published by Adel and Lampland [4] were from 50° C (1926) to 
more than 100° C (1924) lower than those derived by using Fowle’s 
data and that the resultant discrepancy with the temperatures derived 
by several other methods of calculation (at least of the 1926 observa- 


1 Figuresin brackets indicate the literature references and notes at the end of this paper. 
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tions) can be eliminated by taking into consideration the selective 
emission Of the surface of Mars. 

Evidently the fluorite-filter method of analysis of the spectral com- 
ponents of planetary radiation requires a more accurate knowledge 
of the transmission coefficients of the earth’s atmosphere at 8 to 15 yu 
than is required in making the calculations by using the law of total 
radiation of a black body [1, p. 379]. 

Since there is good agreement in the Martian temperatures, de- 
duced by four methods of calculation, using the Smithsonian and the 
Lowell transmission coefficients of the earth’s atmosphere and the 
law of total radiation of a black body, it seems permissible to assume 
that these values are indicative of temperature conditions on the 
planetary surface at the time of making the radiometric measure- 
ments. Hence, as outlined in the present paper, using the spectral 
components, A: B, of the planetary radiation at 8 to 15 u, measured 
with the fluorite filter, by trial calculation an estimate is obtained of 
the selective spectral emission of the planetary surface that is re- 
quired in order to deduce planetary temperatures in agreement with 
the values obtained by the four other methods, which are less sensi- 
tive to terrestrial and planetary meteorological conditions. From 
this it would appear that, with accurate transmission coefficients of the 
earth’s atmosphere, the fluorite-filter method of analysis may provide 
important information of the selective emission of a planetary surface. 


Il. ESTIMATES OF TEMPERATURES ON THE PLANET 
MARS 


In the present paper the various methods previously employed in 
deriving planetary temperatures from radiometric measurements on 
Mars and on the moon [1, 2, 3] are reviewed, and the temperatures are 
revised when the calculations are affected by the Flagstaff transmis- 
sion coefficients of the earth’s atmosphere [4]. 


1. INFRARED TRANSMISSION OF THE EARTH’S ATMOSPHERE 


At the outset of this discussion it is relevant to consider the spectral 
transmission of the earth’s atmosphere. In this connection it is in- 
teresting to note that the earliest measurements by Langley [5] show 
deep absorption bands in the far infrared. Translated from spectrom- 
eter circle-readings to wavelengths, by Very [6], the wide band of 
high atmospheric transparency at 7.5 to 15 u shows a strong narrow 
absorption band at 9.6 » (now identified with ozone) and weaker 
absorption bands at 10.9, 11.6, 12.4, 13.4, 14.3 and 15.7 yu, respec- 
tively, which are very similar to the most recent observations of Adel 
and Lampland [4], illustrated in figure 1. This raises the interesting 
question of the conditions under which Fowle [7] observed a greater 
absorption in the band at about 10.3 » than at 9.6 ». He reports that 
the band at 10.3 » (which he surmised might be caused by ozone) 
systematically deepens with increasing air mass; and, in using the 
tabulated data given in the Physical Tables, he recommends multipli- 
cation of the values at 9.5 and 10.5 u by 0.90 and 0.70, respectively, for 
one air mass, and 0.85 and 0.65 for two air masses, to allow for ozone 
absorption when the radiation comes from a celestial body. This has 
been the common practice in calculating planetary temperatures. 
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In figure 1 are shown the atmospheric-transmission curves, A anq fm ®! 
B, (but free from small indentations) for respectively 0.5 and 1.0 oy M4 
of precipitable water, observed by Adel and Lampland [4]; anq ihe 
similar curves, A’ and B’, as deduced from the Smithsonian Physica] | 
Tables [7] and used by the writer in previous calculations of Martian fi 
temperatures. Recalling the observations of Angstrom [8], that th {i ™ 
selective absorption of a gas (e. g., CO,), is dependent upon the tot] im "2 
pressure, and recalling also that most of Fowle’s measurements wor, fm 4 
made at lower elevations, and through larger amounts (1 to 3 em) of tht 
precipitable water, than at Flagstaff, Ariz., it is an interesting question fim | 
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A and B, Flagstaff data; A’ and B’, Smithsonian data. 


whether this difference in outline of the band of high atmospher' 
transparency at 7 to 15 u, noted in these two sets of observations (set 
fig. 1), is partly attributable to the physical state of water vapor a 
affected (if at all) by barometric pressure. By shifting Fowle’s trans 
mission curve about 0.7 u to the shorter wavelengths, the two sets 0 
data are in as good agreement as can be expected, and they are in good 
agreement with the earlier measurements of Langley [5] and Very {6] 


2. PLANETARY TEMPERATURES DERIVED FROM THE LAW OI total 
TOTAL RADIATION OF A BLACK BODY Intro 


Although there appears to be an appreciable difference in the outlingi 


of the atmospheric-transmission curves of Adel and Lampland [4 
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yd of Fowle [7] for the same amount of precipitable water (curves 
{and A’ in fig. 1), the total area included under these two curves 
happens to be closely the same. 
This is shown also in figure 2, which gives the spectral-energy dis- 
ribution of a black body at 0°C, as it would be observed after trans- 
mission through the atmosphere containing 0.5 em of precipitable 
water, based upon the transmission data of Adel and Lampland (curve 
4) and upon the data published by Fowle (curve A’). Integration of 
these two curves shows only a small difference in area, amounting to 
Fowle minus Adel and Lampland) +2.6 percent at —23°C, +1.1 
percent at O°C, and —2.2 percent at 100°C; or the equivalent of 
2° +(.7°, and —4.6°C, respectively, at these three temperatures. 
from this it appears that a recalculation of the measurements, using 
ihe atmospheric-transmission data of Adel and Lampland and the 
total radiation of a black body, would decrease the previously pub- 
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FicurE 2.—Method of calculating the spectral-component radiation (A and BL) 
and estimating planetary temperatures. 
Upper curve, distribution of radiation of a black body at 0°C, outside the earth’s atmosphere; curve A, 


‘aule, after transmission through the 0.5 em of precipitable water (Flagstaff data) and A’ (Smithsonian 
lata); curves /’ and F’, same as A and A’ after transmission through the fluorite filter. 





lished estimated planetary temperatures by 4° to 5°C at 100°C and 
increase the temperatures by 2°C at —20°C, with practically no change 
inthe values at 12° to 16°C. 

Owing to uncertainties in other factors,e. g., ‘“‘spottedness” of the 
planetary surface, that enter into the computations, two persons 
see [3], table 5, C. O. L. and D. H. M.) making these calculations, 
using the same observed water-cell transmissions and presumably the 
same (Smithsonian) atmospheric-transmission data, derived planetary 
mperatures differing by 1° to 18°. 

In view of the foregoing analysis, in the present paper no revision 
seems to be required of the temperature estimates previously derived 
tom the observed water-cell transmission of planetary radiation and 
the law of total radiation of a black body. 

Reduction of the temperatures, by 5° to 10°, as deduced by the 
total-radiation method, using the Flagstaff transmission data, would 
introduce no inconsistencies with other data. In fact, since the true 
‘emperature of the planetary surface must be considerably higher 


’ 
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than the calculated black-body temperature, a reduction in the preyj. 
ously calculated values (which seem high) would leave the data practi. 
cally in terms of true temperatures. 


3. PLANETARY TEMPERATURES DERIVED FROM A COMPARIson 
WITH THE MOON 


Based on the foregoing analysis, the temperatures of the moon 
calculated by Menzel [9], using the water-cell transmissions of Cob. 
lentz and Lampland [3], should be lowered by perhaps 3° to 5° ¢ 
This will have but little effect upon the Martian temperatures (see (3), 
table 5, column 3), which are high when calculated by this method. 
Another method of estimating Martian temperatures, used by the 
writer, [3] was by plotting the observed lunar spectral-radiation com. 
ponents, A:B, (obtained with the fluorite filter) against Very’s {1() 
observed temperatures at different ages of the moon, and extrapolating 
to the observed ratios, A:B, observed on Mars. These are true tem. 
peratures, and, hence, higher than the calculated ‘black body”’ tem. 
peratures. In the present investigation, this method of attack was 
reviewed, and it was found that the lunar temperatures derived from 
the ratio of the components, A: B, averaged about 5° C higher than 
the values given in reference [1], table 2, column A:B. Evidently 
no revision of Martian temperatures derived by this method is ind)- 
cated. However, since all these temperatures appear to be unusually 
high, and since more recent work indicates somewhat lower lunar 
temperatures than those observed by Very (who compared the lunar 
radiation with that of a terrestrial source), this method of analysis of 
temperature conditions on Mars is not stressed as being crucial. 


4. PLANETARY TEMPERATURES DERIVED FROM SPECTRAL-RADI. 
ATION COMPONENTS 


As fully explained in the previous publications [1, 2, 3], this method 
of observation consists in separating the planetary radiation of wave- 
lengths 7 to 15 uw into two parts, by means of transmission screens of 
thin glass and of fluorite, giving spectral-radiation components, 
A and B, of wavelengths 7 to 12.5 uw, and 12.5 to 15 yw, respectively. 
Unfortunately the spectrum cutoff is not sharp, especially with the 
fluorite filter, which is the most crucial part of the measurement. 
Other weak points in the method are the uncertainty of the correction 
for losses by reflection in the filters, and, especially, the uncertainty 
of the transmission coefficients of the air, and the size of the absorption 
band of ozone at 9.6 u, which falls in the region of high absorption of 
the fluorite filter [1, p. 379]. 

In order to translate the observed components, A and B, into tem- 
peratures, in the past it was assumed that the spectral radiation from 
the planetary surface is nonselective (black body); and radiation 
components were computed for ‘several temperatures (200°, 250", 
273°, 300°, and 373° K) by multiplying the respective spectral- 
energy curves by the atmospheric transmissions for, say, 0.5 cm of 
precipitable water. This gives energy curves, A (Flagstaff) and 
A’ (Smithsonian transmission data), depicted in figure 2, representing 
the spectral distribution of planetary radiation incident at the 
observing station. 

These spectral intensities are then multiplied by the spectral 
transmissions (transmittances; see [3] table 3) of the fluorite filter, 
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siving the curves F and F” in figure 2. Integration of these curves 
sives the components of planctary radiation extending from 7 to 
12.5 w (=A) and 12.5 to 15 » (=B), respectively. Using the Smith- 
sonian atmospheric-transmission data for 0.5 cm of precipitable water 
vives calculated ratios of A: B, ranging from 42.5 percent at —23° C 
950° K) to 64 percent at 100° C (curve S in fig.3). The corresponding 
values obtained by using the data published by Adel and Lampland 
ive ratios ranging from 53 percent at —23° C to 77 percent at 100° C 
curve F in fig. 3). For 1 cm of precipitable water the ratios cal- 
culated from the Smithsonian data decrease greatly in magnitude 
37 percent at —23° C, and 54 percent at 100° C), whereas the ratios 
calculated from the Flagstaff data remain practically unchanged 
54 percent at —23° C and 78 percent at 100° C). 





_ 
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+100° 
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Figure 3.—Temperature calibration curves. 


“aleulated ratio of spectral components, A: B, (see fig. 2) for different black-body temperatures, using 
the Smithsonian (S) and the Flagstaff (/) atmospheric transmissions; also selective emission on Mars (Q). 


In figure 3 are plotted the calculated ratios (A: B) of the components 
of planetary radiation transmitted through 0.5 and 1.0 em of pre- 
ipitable water, based upon the Smithsonian (S) and the Flagstaff_(F) 
data on atmospheric transmission. From these graphs it appears 
that since the observed ratios of the components of the radiation from 
Mars range from about A: B=41 to 56 in 1924, and A: B=50 to 62 in 
1926, the corresponding temperatures deduced from the Flagstaff 
data are generally far below zero, which is contrary to visual observa- 
tion and contrary to all other methods of calculation. 

Accepting the adequacy of the filter method of spectral analysis 
and the correctness of the atmospheric transmissions, the explanation 
sto be sought in the spectral emission from the surface of Mars. The 
ost Obvious way to decrease the magnitudes of these ratios is to 
reduce the emission in the region of 8 to 10». The only gases having 
song selective absorption in this region of the spectrum are SOy, 
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with strong absorption bands at 7.4 and 8.8 y, respectively, and NH, 
which has a wide band of strong absorption extending from 8.5 tg 
11 pw [11]. 

Discounting gaseous absorption, there remains the practical cer. 
tainty of selective emission from the solid surface of Mars. This 
problem was discussed in previous papers [12] in connection with the 
observations on the selective reflection of minerals, and the bearing of 
such data on the question of the temperature of the moon. It was 
then deduced that in the band of planetary radiation at 7 to 15, 
freely transmitted by the earth’s atmosphere, the amount of solar 
radiation selectively reflected by carbonates, silicates, and sulfates 
(which have bands of selective reflection in this region of the spectrum) 
is relatively small; and that the emission of planetary radiation js 
suppressed in the bands of selective reflection, which is especially 
strong at 8 to 10 y, in silicates ‘ 











8 9 10 it 2 13 14 ps 
Figure 4.— Method of calculating the spectral component radiation (A and B) and 


estimating planetary temperatures. 


Curves B and D are derived in the same manner as A and Fin figure 2. Curves C and E are derived 
from Band D by including selective emission on Mars. 





As a practical example of the difference in the spectral radiation 
emitted by a black body and by a surface composed of silicates, in 
figure 4, curve A represents the spectral-energy distribution of a black 
body at 0° C and curve B represents the energy distribution after 
passing through the earth’s atmosphere, which contains 0.6 cm of 
precipitable water (Flagstaff data). Curve D represents the spectral- 
energy distribution after transmission through the fluorite filter. The 
ratio of the components A: B=58.4 percent. 

Granite is composed of quartz, feldspar, and mica, and, hence, is 4 
good example of a surface composed of silicates. Using a smoothed 
curve of the spectral reflecting power of granite (see [12], Pub. No. 
65, fig. 77) in which the reflectivity values are 18 to 20 percent in the 
band of selective reflection at 8.5 to 9.5 uw, curve C, figure 4, represents 
the calculated spectral emission of a surface at a temperature of 0°C 
and curve E£ represents the part transmitted by the fluorite filter. 
The ratio of the areas A’:B’=53.0 percent as compared with A:B= 
58.4 percent for the black body (curve G in fig. 3). 
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Granite was used in these calculations because spectral-reflectivity 
data are available and because it is a composite of the minerals con- 
sidered. From an investigation [13] of the diffuse reflecting power of 
feldspar, sandstone, slate, etc., which show a high reflectivity at 8.8 y, 
the use of the spectral emissivities (1—reflectivity) of granite secms 
justified. Of course it 1s not to be inferred that the surface of Mars 
is solid granite. 

For further data on selective reflection and selective emission, 
particularly in connection with the radiation from the moon, reference 
is made to Carnegie Institution Pub. No. 65, page 113, figure 99, and 
Pub. No. 97, page 143, figures 102 and 103, reference [12]. 

In the absence of recent observations on the spectral emission from 
the moon, it is relevant to add some calculations the writer has made 
on the components of the lunar radiation (the average curve, plate 7, 
reference [5]) published by Langley. The ratio of A:B=118 is un- 
usually high, indicating lunar surface temperatures up to 150° C. 
Part of this radiation may be selectively reflected sunlight and perhaps 
diffuse light in the spectrobolometer. Nevertheless, the evidence 
seems in favor of high selective emission on the lunar surface. A 
similarly high selective emission may be expected from the surface 
of Mars. 

In view of the foregoing considerations, and the fact that the radio- 
metric observations on Mars were made at Flagstaff, Arizona (eleva- 
tion 7,250 ft.), the writer has recalculated the temperatures derived 
from the ratios of the spectral components, A:B, using (1) a non- 
selective (black body) emission, and (2) a selective emission (silicates), 
as shown in figure 4 and (curve G) in figure 3. 

As shown in tables 1 and 2, the black-body temperatures derived 
from the Flagstaff atmospheric-transmission data are much lower 
than the corresponding values previously derived by means of the 
Smithsonian data. In these same tables (in columns marked ‘‘Selec- 
tive Emission’’) the corresponding temperatures are deduced on the 
assumption of selective emission from silicates. The latter are true 
temperatures, and for the opposition of 1924 average about 25° C 
higher. For the opposition of 1926 the temperatures average about 
23° C higher than the calculated black-body temperatures. This is 
as it should be, but whether the magnitude is as great as indicated is 
unknown. 

In the previous papers [1, 2, 3] 1t was conjectured that the ‘“‘true 
temperatures”? might be 10° C higher than the ‘‘black-body”’ temper- 
atures. Since there probably is but little ‘“‘blanketing effect’’ of the 
Martian atmosphere (there was more cloudiness in 1926 than in 
1924), and since vegetation as we know it has a high nonselective 
emission, the temperature rise of the Martian surface, under prolonged 
illumination, is a@ mere conjecture. Owing to seasonal conditions 
(late summer in 1926, and early summer in 1924) in the Southern 
hemisphere, the higher temperatures observed in 1926 are consistent 
with expectations. The average temperature (table 2) of the apparent 
center of the disk of Mars, as deduced by the fluorite-filter analysis 
and selective emission on Mars during the opposition of 1926, is about 
+15° C,in harmony with other methods of analysis. It is to be noted 
that on 40 percent of the observing nights the temperatures derived 
from fluorite-filter measurements are below 0° C. However, a study 
of the observations of 1926, made on other parts of the planetary disk, 
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and of the ‘remarks’ concerning the visual physical conditions, giye, 
in table 2 of the previous paper [3], indicate that the cloudy conditions 
and ‘‘poor seeing,” visible through a greater air mass on the limbs of 
the planet, may have extended to the center of the disk in sufficiey; 
amount to be perceptible radiometrically. In the previous paper 
more cloudiness was noted on Mars in 1926 than in 1924. Thi 
cloudiness should raise the surface temperature, a well-recognized 
terrestrial phenomenon. 

Examination of tables 1 and 2 shows that during the opposition of 
Mars in 1924 the water-cell transmissions (W. C. T.’s) were higher 
and the ratios of the spectral components (A:B) were lower, thay 
during the opposition of 1926. This may be owing to two causes: 


TABLE 1.— Temperature estimates of Mars, 1924 


{Comparison of temperatures on the apparent center of the disk, assuming (1) black-body spectral emissioy 
and (2) selective spectral emission, on Mars; and using (1) the Smithsonian and (2) the Flagstaff tranemis. 
sion coefficients of the earth’s atmosphere. 1.0 cm of precipitable water. Declination of Mars.—17°3¥). 
brightness, 100] ‘ 
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(a) the much greater amount of water vapor traversed by the planetary 
radiation in 1924; and (b) higher temperature conditions on the sur- 
face of Mars during the opposition of 1926. 

The apparent declinations of Mars, at these two oppositions, were 
—17°35’ and +14°37’, respectively—a total difference of 32°. 
Hence, the amount of terrestrial atmospheric water vapor traversed by 
the radiation from Mars was much greater during the opposition of 
1924. Therefore the water-cell transmissions should be higher and 
the ratio of the spectral components should be lower, in 1924, as 
observed. ; 

On the other hand, recalling the effect of clouds upon terrestrial 
temperatures, with much greater cloudiness on Mars in 1926, as 
already noted the surface temperatures should be higher than in 1924, 
as deduced from all the radiometric measurements. In this connet- 
tion it is to be noted that owing to differences in (a) solar distance, (b) 
inclination of the planetary surface exposed to the sun (seasona 
differences), and (c) the size of the areas intercepted by the receivers, 





Planetary Temperature 307 


and (d) owing to the impracticability of measuring the radiation 
emanating from identical areas, close agreement in the temperature 
estimates of Mars, at the two oppositions, should not be expected. 
The average temperature of the center of the planetary disk of 
Mars, during the opposition of 1924, is far below 0° C, indicating that 
an assumed selective emission does not completely account for the 
discrepancy in the temperatures derived by the fluorite-filter method 
of analysis of the spectral components of planetary radiation. This 
seems to be owing, partly at least, to the low declination of Mars in 
1924 and to the resultant greater uncertainty of the amount of water 
vapor traversed by the planetary radiation. Slight changes in the 
amount of atmospheric water vapor apparently have a relatively 


TABLE 2.— Temperature estimates of Mars, 1926 


Comparison of temperatures on the apparent center of the disk, assuming (1) black-body spectra] emission 
and (2) selective spectral emission on Mars; and using (1) the Smithsonian and (2) the Flagstaff trans- 
mission coefficients of the earth’s atmosphere. 0.5 em of precipitable water. Declination of Mars: 
+14°37’; brightness, 60.) 
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Method of calculation 





Date: | Water- | spectral ae Remarks 


compo- | Black body 
nents, Selective 
j emission, | 


| Flagstatt |F lagstaff 


1926 | cell 
| trans- 

mission, : 
w.c.T A:B 





| Smith- 
sonian 


"C:. "eC. 
5 3 27 | 18.4-foot focus, receiver=0.45 diameter of 
| planetary image. 
| §3.3-foot focus, receiver=0.16 diameter of 
image of Mars. Mare Cimmerium on 
center of disk. 
7 Do. 
7 | 80-foot focus, receiver=0.11 diameter of 
= Solis Lacus central. 
oO. 


“I 


Ld 
a 


Do. 
Do. 
7 | 53.3-foot focus, receiver intercepts 0.10 ofthe 
diameter. 
Do. 
Do. 
Do. 


SES 


greater effect upon the transparency at 6 to 8 uw than at 13 to 14 yu. 
The fluorite-filter method of spectral analysis is very sensitive to 
slight changes in the spectral transmission of the earth’s atmosphere. 
Hence, owing to the uncertainties of the transmission coefficients at 
the time of the observations, the fluorite-filter method is evidently 
too sensitive to deduce planetary temperatures from measurements 
of the components of the radiation emitted by celestial objects, in 
the spectral band at 7 to 12 u (which is deeply indented by the absorp- 
tion band of ozone), at 9.6 yw, in the pon te atmosphere. On the 
other hand, by proceeding as above outlined, this method of analysis 
appears to be a useful means of securing information on the selective 
spectral emission of the planetary surface. 

The foregoing calculations were made with the expectation of 
making a further investigation of the planetary radiation of Mars dur- 
ing the opposition of 1941, using the filters and some of the other 
apparatus left at the Lowell Observatory. As it was not possible to 
continue the work, these calculations are now published, thus bringing 
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to a close an interesting investigation of instruments and methods of 
planetary radiometry,? made, during the past 20 years, in cooperatioy 
with the Lowell Observatory. Obviously, what is needed is a spectro. 
radiometric analysis of tne planetary radiation from Mars and from 
the moon. This should be feasible with the large reflecting tele. 
scopes now under construction and with further improvements jp 
spectroradiometry. 
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See table 2 for comparison of the radiation sensitivity of thermocouples 
of various alloys; and, figure 4, showing the arrangement of the filters and 
(insert, fig. 4) the method of construction of the thermocouples to reduce 
the internal resistance. 


IV. APPENDIX. THERMOCOUPLES FOR PLANETARY 
RADIOMETRY 


In connection with the foregoing inquiry, the writer made tests on new col- 
binations of thermocouple material (not available in fine wires 17 years ago), one 
of which he recommends for use in stellar and planetary radiometry. 

In previous researches [14] it was found that, in spite of their high thermo- 
electric power (up to 120 uv/°C), the radiation sensitivity of thermocouples of 
alloys of Bi-Sn and Bi-Sb was not much higher than that of thermocouples of 
Bi-Pt, which has a much smaller thermoelectric power (80 wv/°C). This is owing 
to the great heat capacity of the alloy material, which is brittle and cannot be 
drawn into fine, pliable wire. 

It was found that a thermopile of fine-drawn wire of the alloy Chromel-P, hav- 
ing a thermoelectric power of +21 uv/°C (against Cu), combined with constantan 
(—40 p»v/°C), giving a total of 61 »v/°C, is almost as sensitive as a Bi-Cu thermo 
pile (75 wv/°C) in use by the writer. 


? The next opposition of Mars occurs September 10, 1956, with a brightness of 97. 
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The thermoelectric power of the purest Bi wire, against copper, varies from 75 
to80uv/°C. Thermocouples of Bi-Chromel-P wires were found to have a thermo- 
electric power of 96 to 100 uv/°C. The resistance of Chromel-P wire, 0.015 mm 
in thickness is high (about 4 ohms per mm), However, since in stellar and 
planetary radiometers a length of only a few millimeters is required, the resistance 
is of minor importance in comparison with the gain in radiation sensitivity result- 
ing from a reduction of heat conductivity. For instance in the writer’s tests it 
was found that the radiation sensitivity of a Bi-Chromel-P thermocouple (Bi 
wire, =0.012 mm, pressed flat; Chromel-P, t=0.007 mm; receivers 0.1 mm 
diam.) for use in planetary radiometry, was from 25 to 35 percent higher than that 
of a similar thermocouple of Bi-Pt, which is in accord with the data given in 
table 2 of reference [14]. 


WasuINnaTon, August 15, 1941. 
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ABSTRACT 


From stress-set curves are derived proof stresses for five values of permanent 

set. From corrected stress-strain curves are derived values of the modulus at 
zero stress and its stress coefficient. The diagrams show the influence of prior 
plastic extension on these indices. 
' The curves of variation of the proof stresses with plastic extension are affected 
by the rate of work-hardening, by variation of internal stresses of two kinds, and 
hy the rest interval. The curves of variation of the modulus of elasticity with 
plastic extension are affected by variation of crystal orientation, internal stress, 
and lattice expansion, and by rest. The curves of variation of the stress coeffi- 
cients of the modulus are affected by all these factors except possibly the reorien- 
tation factor. 
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I. INTRODUCTION 


The elastic properties to be considered in this paper comprise the 
elastic strength and modulus of elasticity. By ‘elastic strength’ is 
meant the stress necessary to deform the metal to the boundary 
between elastic and inelastic strain. As shown in a previous paper by 
the authors [22],' this boundary generally is not definite. For practic: al 
purposes, therefore, the elastic strength is generally expressed in 
terms of one or more indices which represent the stress that causes a 
specified slight permanent extension. In the previous paper, the 
tensile elastic strength and yield strength of 18: 8 chromium-nickel 
steel are expressed in terms of five indices termed “proof stresses. 
These are the stresses necessary to cause permanent extensions of 
0.001, 0.003, 0.01, 0.03, and 0.1 percent. The same indices will be 
used in this paper. 

As the stress-strain line for 18: 8 chromium-nickel steel and for many 
other metals is curved, the modulus of elasticity cannot be expressed 


1 Figures in brackets indicate the literature references at the end of this paper. Additional — 
pertaining to the clastic properties of metals but not specifically referred to in this paper are also inclu 
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hy a single numerical value. In the previous paper [22], the modulus 
of elasticity 1s expressed in terms of two indices: the modulus at zero 
stress, 49, Which is determined by extrapolating the stress-modulus 
line to zero stress; and the stress coefficient of the modulus. In the 
previous paper, the linear stress coefficient is designated Cy. In this 
paper, it will be designated Co, and the quadratic stress coeflicient will 
he designated C’. When £5, (Co, C’, and the five proof stresses are 
known, a fairly good picture is available of the clastic properties of a 
metal. 

Even at stresses below the 0.001-percent proof stress, deformation 
may increase with time at constant load. <A prevalent designation 
for such an increase of deformation is “drift.’’ After release of the 
Joad, moreover, deformation generally continues for a time in the 
reverse direction to that of the loading. Such deformation is often 
termed “elastic aftereffect’’, although this term is not generally appro- 
priate. After a fairly rapid increase or removal of the load, a consider- 
able part of the change in dimensions may be due to “thermal creep”’, 
a purely elastic effect first described and explained by Kelvin. The 
changes of dimension under constant load or after removal of the 
load, however, are not due entirely to thermal creep. They frequently 
consist almost entirely in a slower change, which may continue for 
days or even weeks. As the slow deformation after release of the 
load is a type of inelastic action, it is not properly termed “elastic after- 
effect.” 

A general term is needed to designate any type of continuing defor- 
mation that does not require a continuing change of the load. The 
word “creep’”’, frequently used with this meaning, will be so used in 
this paper. The change occurring after removal of the load will be 
termed “negative creep.” A fairly sharp distinction can be made 
between thermal creep and the slower creep. If there is a real differ- 
ence between the so-called drift and other types of slow creep referred 
to in the literature, however, the authors are not able to make such a 
distinction in discussion of the data to be presented. 

The modulus of elasticity, its stress coefficients, and the elastic 
strength of a metal are affected by three important factors associated 
with plastic extension. In order to distinguish the effects of these 
factors, a comparison has been made of the effects of plastic deform- 
ation on the elastic properties of a variety of metals, including nickel, 
copper, and typical steels. 


II. MATERIALS, SPECIMENS, AND APPARATUS 
1. MATERIALS AND SPECIMENS 


The materials included in this investigation are nickel, oxygen- 
free copper, open-hearth iron, 0.20-percent carbon steel (SAE 1020), 
).42-percent carbon steel (SAE 1040), and 0.73-percent carbon steel 
(SAE 1075). Comparison is made between the results obtained with 
these metals and with some 18:8 chromium-nickel steels, discussed in a 
previous paper [22]. 

The nickel was supplied by The International Nickel Co. through 
the cooperation of W. A. Mudge and the Washington representatives of 
te company. The oxygen-free copper was supplied by the Scomet 
Engineering Co. through the cooperation of Sidney Rolle, Assistant 
Manager. Acknowledgment is made to these companies and to their 
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representatives for their generous cooperation. The elastic properties 
of this copper were discussed in another publication [23] and are 
included in this paper with the permission of the National Advisory 
Committee for Aeronautics. The open-hearth iron and the threo 
SAE steels were purchased in the open market. 

All these metals were supplied in the form of round rods. The nickel 
had been given a reduction in area of 60 percent by cold-drawing wit}. 
out intermediate anneal. The copper had been given a reduction jy 
area of 75 percent by cold-rolling without intermediate anneal. Tho 
three SAE steels had been hot-rolled. The open-hearth iron 4s 
received had been cold-drawn from 1 in. in diameter to 1%, in 
diameter. It was cold-drawn further at this Bureau, witbout inter. 
mediate anneal, to a total reduction in area of about 50 percent. 
(The exact amount is indicated in table 1). A description of the metals 
is givenintable1. Details of heat treatment are given in table 2, and 
the tensile properties are given in table 3. The serial designations of 
the specimens are given in the tables. 

Only tension test specimens were used in this investigation. The 
diameters of these specimens over their gage length are given in table 3 
and the corresponding rod diameters in table 1. As the error (in 
pounds) in estimating the load is practically independent of the load, 
the percentage error decreases with increase in the load. The per. 
centage error, therefore, decreases with increase in the cross section of 
the specimen, because an increase in specimen size will require an in- 
crease in load to produce an equivalent stress. 

The dimensions of the specimens were according to the standard for 
the American Society for Testing Materials with threaded ends and 
2-in. gage, except for specimens of nickel and open-hearth iron. As 
the rod diameters of these materials were smaller than standard %-in. 
thread diameters, their diameters over the gage length were 0.417 in., 
nominal. The ratio of gage length to diameter was unimportant in 
this investigation, because the investigation of elastic properties never 
required extension beyond the beginning of local contraction. 


2. APPARATUS 


A pendulum hydraulic testing machine of 50,000-lb capacity was 
used. The specimens were held in grips with spherical seats. In the 
earlier experiments [22] upon 18:8 Cr-Ni steel, a Ewing extensometer 
with ratio 5:1 was used. The smallest scale division on this instru- 
ment corresponds to a change of length of 0.00008 in., and readings 
could be estimated to about +0.000008 in.; this sensitivity corre- 
sponds to a strain sensitivity of +4.010™ percent for the 2-in. gage 
length used. In the remaining experiments, a pair of Tuckerman | 
optical strain gages was used; the gages were attached to the opposite 
sides of the specimens. The smallest scale division on this extensom- 
eter corresponds to a change in length of 0.00004 in. By means of 
vernier on this instrument, it is possible to estimate changes in length 
to within about 0.000002 in.; this sensitivity corresponds to a strain 
sensitivity of 1.010 percent for the 2-in. gage length used. 
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III. MEASUREMENT OF STRESS, STRAIN, AND 
PERMANENT SET 


1. METHOD OF TEST 


In order to investigate the relationship between stress, strain, and 
nermanent set, for a metal in a given state, a stress-set curve and a 
correlated stress-strain curve were determined. Tor this purpose 
the specimen was loaded and unloaded cyclically to successively 
oreater values of load until it had been plastically extended about 0.1 
nercent. The minimum value of the load in each cycle was 200 lb. 
By plotting each stress at the top of a cycle against the corresponding 
total strain, a stress-strain curve was obtained. By plotting each 
stress at the top of a cycle against the corresponding value of total 
permanent set after reduction of the load to 200 Ib, a stress-set curve 
was obtained. <A detailed discussion of such a series of loading cycles 
is given in a previous paper [22]. 

In obtaining such correlated stress-strain and stress-set curves, it 
is important to adhere to a carefully arranged time schedule. In a 
series of loading cycles, the rates of loading and unloading were about 
the same for all the cycles. The load was held for a period of 2 
minutes at the upper and lower values in each cycle. Extensometer 
readings were obtained at the beginning of the test and the end of 
each 2-minute holding period. 

The total set at the end of any cycle (at 200-lb load) was meas- 
ured as the difference between that extensometer reading and the 
reading at the beginning of the series of loading cycles. The per- 
manent set obtained during a single cycle is equivalent to the differ- 
ence between the positive and negative creep occurring during the 
cycle. Positive creep will occur while approaching and holding the 
upper load; negative creep will occur while approaching and holding 
the 200-lb load. The total strain for any load was measured as the 
difference between the extensometer readings at that load and the 
beginning of the series. 

In order to investigate the influence of prior plastic extension on the 
stress-set and stress-deviation curves, some specimens were extended 
plastically by numerous increments to about the point of beginning 
local contraction. Correlated stress-strain and stress-set curves were 
obtained upon the unextended specimen and after each increment of 
extension. Some of these extension increments were large; others 
were equivalent only to the extension obtained in determining the 
previous stress-set curve. Between increments of extension, the 
specimen was allowed to rest before determining the stress-strain and 
stress-set curves. The duration of such a “rest interval” will have 
a pronounced influence upon the form of the stress-set and stress- 
deviation curves derived from subsequent measurements. 

Certain changes will occur in the test specimen during a rest interval, 
as evidenced by negative creep during this period. As shown in a 
preceding report [22], these changes may be greatly accelerated by 
‘lightly elevating the temperature of the specimen during the rest 
interval. In order to study further the influence of slightly elevated 
temperature upon subsequently measured values of total strain and 
set, some few specimens were tested in which the rest intervals con- 
sisted of 1-hour periods with the specimens immersed in boiling water. 
The intervening plastic extensions for these tests were all large. 
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The prior plastic extension for any one series of cycles will be defined 
as the difference in strain, as observed at 200 lb, at the beginning of 
that series, and at the beginning of the first series upon the specimen 
The terms “prior plastic extension,” “prior extension,” and “plastic 
extension” are synonomous in this report. Since the extensometer 
was reset after each series of cycles, the prior extension was actually 
measured as the sum of the total sets given the specimen prior to chat 
series. 

For any given series of cycles, the cross-sectional area of the speci- 
men upon which the stress is based will be equal to the original cross. 
sectional area, divided by the quantity 1 plus the prior extension 
the extension being expressed as fractional change in gage length. 


2. PLOTTING OF RESULTS 


Stress-set curves were plotted from calculated values of stress and 
total set, as described earlier. 

The stress-strain relationship is better studied by means of the 
stress-deviation curve. Such a curve is obtained by plotting against 
the stress, the difference between the total strain for each upper load 
and a strain computed on the basis of an assumed constant value of the 
modulus of elasticity, corresponding to the same load. These 
differences represent deviations of the actual stress-strain curve from 
a straight stress-strain line whose slope represents the chosen value 
of the modulus. By a suitable choice of the assumed value of the 
modulus, the stress-deviation curve gives a very sensitive representa- 
tion of the variation of strain with stress. 

The derivations of the several elastic properties from stress-set and 
stress-deviation curves are described in section IV. 


3. ACCURACY OF DETERMINATION OF SET AND STRAIN VALUES 


Values of set were not determined from strain readings at zero 
load, but at 200 lb. Because of the change in elastic strain with the 
load, any deviation in the actual load from the nominal value of 200 
lb, while reading, will introduce an error in the test. This deviation 
will depend upon the sensibility of reading the scale of the testing 
machine, the drift in zero position of the scale, and the ability of the 
testing-machine operator to adjust and maintain the load during 
extensometer readings. 

By allowing the testing machine to attain temperature equilibrium 
under operating conditions, before beginning the test, the drift of the 
zero scale position over the time necessary to make several load cycles 
will be negligible. 

The combined influence of sensibility of the scale reading, drift in 
zero position of the scale, and ability to set the load was determined 
by the following empirical test: A specimen with a gage diameter of 
¥ in. was secured of a material to which a high value of stress could be 
applied without producing measurable set. This specimen was 
loaded cyclically several times to 10,000 lb. (slightly less than the load 
necessary to produce measurable set). The specimen was then al- 
lowed to rest long enough to permit all the thermal creep to occur. 
Tuckerman strain gages were then attached to opposite sides of the 
specimen. The load was varied between 200 and 500 lb cyclically 
five times by each of four separate operators. A rest period of 
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| minute was given at each 200-lb. load, before measuring the strain. 
The 25,000-lb. scale range of the testing machine was employed 
during these tests. 

For an assumed modulus of 30 million pounds per square inch, and 
with the area of the specimen being calculated from its gage diameter, 
the variation in strain readings was expressed in terms of the load 
change on the specimen. In the case of any one operator this change 
was not greater than 6 lb., for successive cycles; in general, it was 
somewhat less. Over any five cycles for one operator, the maximum 
change was slightly greater, about 8 lb., which indicates a small 

yalue for drift in zero-position of the load scale. For the specimens 
with a gage diameter of 0.505 and 0.417 inch used in this investigation, 
an error of 6 lb. corresponds to stress errors of 30 and 45 Ib./in.?, 
respectively. These stress errors correspond to strain errors of 0.001] 
and 0.0015 percent, for an assumed modulus of 30 million pounds per 
square inch. These errors will be most important in determining 
total sets at the lower values of stress. As proof stresses (defined 
later) are based on total sets ranging from 0.001 to 0.1 percent, the 
corresponding errors in these proof stresses will range from about 
10 pereent to 0.1 percent for 0.505-in. specimens, and from about 
15 to 0.15 percent for 0.417-in. specimens. 

Such errors will be minimized when a number of experimental 
points are used in fairing the stress-set curves. The 10- or 15-percent 
errors noted above for the proof stress corresponding to 0.001-percent 
total set, though large, will be shown later to be insufficient to invali- 
date the conclusions drawn from the tests. 

The error in the strain measurement at the upper load will be greater, 


owing to the greater difficulty in setting and maintaining the load, and 
to the variation in the calibration error over the employed scale range 
of the testing machine. Although no direct measurement of this 
error is possible, it is probably small, as evidenced by the nearness of 
the points to the smooth stress-deviation curves obtained in this report. 


IV. TENSILE ELASTIC PROPERTIES OF NICKEL 


1. INFLUENCE OF PLASTIC EXTENSION ON THE ELASTIC STRENGTH 
OF ANNEALED NICKEL 


In studying the elastic properties of nickel, attention will be given 
first to the elastic strength of fully annealed nickel, as affected by 
plastic extension, and second to the modulus of elasticity and its 
stress coefficients. 

The reerystallization range for cold-worked nickel is about 1,150° F, 
but depends considerably on the degree of cold work. For the investi- 
gation of the elastic properties of fully annealed nickel, a specimen 
was annealed at 1,400° F. Correlated stress-deviation and stress-set 
curves obtained with this specimen are shown in figure 1. The 
stress-set_ curves are in the lower row of the figure. Directly above 
the origin of each stress-set curve is the origin of a corresponding 
pur of stress-deviation curves. The stress-set curves are used in 
the following study of the elastic strength of nickel. 

The origin of each stress-set curve is shifted to the right a constant 
distance from the origin of the preceding curve. Each curve thus 
has its own scale of abscissas. Distances between the origins have 
ho relation to the scale of abscissas. The curves were obtained con- 
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secutively from left to right, in pairs, by methods described in ge¢. 
tion III, and with intervening (varying) amounts of prior plastic 
extension. 

The prior extensions for individual curves are not indicated jn 
figure 1. The curves are numbered consecutively however, and the 
percentages of prior extension may be found by referring to the corre. 
spondingly numbered experimentally determined points in figure 3 
which is derived from the stress-set curves in figure 1. 

The rest intervals between two series of cycles, from which @ pair 
of stress-set curves was determined, range from 31 to 37 minutes: 
between separate pairs of curves, the rest interval was somewhat 
longer. The rest interval preceding each series of cycles from which 
a stress-set curve is obtained is indicated in figure 1 by the symbol] 
placed at one or more experimentally determined points on the curve. 

From each stress-set curve are derived five proof stress values 
corresponding to total sets of 0.001, 0.003, 0.01, 0.03, and 0.1 percent. 
These will be designated by the letter P with subscripts indicating 
the percentages of permanent set. In figure 3, these proof stresses 
are plotted against the corresponding percentages of prior plastic 
extension. The five curves thus obtained are separated by using 
five different indicated scales of ordinates. The ordinates represent 
stress, based on the sectional area at the beginning of the series of 
load cycles used in determining each stress-set curve. The method 
of calculating this area is given in section III. 

In each curve of figure 3, the points derived from experiment are 
distributed along the prior extension axis, in pairs, which are separated 
by relatively long intervening plastic extensions. Each pair of points 
is derived from a pair of stress-set curves determined with no inter- 
vening plastic extension. The difference in plastic extension for the 
curves of a pair, therefore, is merely the total set obtained in deter- 
mining the first curve of the pair. The alternate long and short ex- 
tensions, as in the investigation described in the previous paper [22], 
were made in order to reveal the influence of the amount of inter- 
vening plastic extension on the form of the stress-set curve and on 
the derived proof stresses. The distribution of these extensions over 
the range of prior extensions shown is termed “extension spacing.” 

The stress-set relationship, as affected by plastic extension, rest 
interval, and extension spacing, may best be studied by considering 
both the stress-set curves and the derived curves of variation of the 
proof stresses with prior plastic extension. The steeper the stress-set 
curve, the higher are the derived proof stresses. As indices of elastic 
strength, the proof stresses based on 0.001- and 0.003-percent per- 
manent set probably should receive more consideration than the proof 
stresses based on larger percentages of permanent set. The 0.1-per- 
cent proof stress should be viewed as an index of yield strength rather 
than as,an index of elastic strength. 

The oscillations in the curves for 0.001-percent proof stress are 
usually large and parallel to those for greater values of set. They 
are due principally, therefore, to variations in properties of the test 
specimen, not to any lack of sensitivity of the testing apparatus. 

The first stress-set curve of each pair (figure 1) generally is less steep 
than the second. This relationship is illustrated also by the gg 
heights of the experimentally derived points in the diagram (fig. 3 
the first point of each pair, with few exceptions, is lower than the 
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ond. As shown in the previous paper [22], such differences in 
cht are due partly to differences in the duration of the rest interval. 
The longer the rest interval, the lower generally is the corresponding 
n the diagram. ‘This influence of duration is most prominent 

hort rest intervals, and is slight after the first day. The generally 

r position of the second point of a pair, however, is due partly 

ee influence of the extension spacing. The evidence in figures 1 
nd 3. consequently, indicates that the influence of the rest interval 
and of the extension spacing is qualitatively the same for nickel as for 
.-§ chromium-nickel steel [22]. 

The oscillations due to the influence of the rest interval and of the 
xtension spacing are superposed on curves of variation of the proof 
stresses due to prior plastic extension alone. These latter curves, 

reafter termed basic curves, are smooth in form, but cannot be 
canal independently. The basic curves would be nearly par- 
lel, however, to curves drawn through the mean position of the oscil- 
lations. If the basic curves were drawn in figure 3, all but the lowest 
curve would rise continuously, at a gradually decreasing rate. The 
asic curve for the 0.001-percent proof stress would not rise contin- 
iously, but would have several minima and maxima. With 18:8 
chromium-nickel steel [22], such minima and maxima are found in the 
basic curves for 0.001- and 0.003-percent proof stresses. These 
curves for the 18:8 alloy generally have an initial rise, whereas the 
basic 0.001-percent proof-stress curve in figure 1 possibly has a slight 
nitial descent. This is illustrated by the fact that point 3 is lower 

han point 1. 


2, INTERNAL STRESSES AND THEIR EFFECTS ON THE PROOF 
STRESSES 


The oscillations in proof-stress extension curves may be attributed 
‘0 variations of one or more kinds of internal stress caused by the 
xtension spacing and by variations in the rest interval. As shown by 
Heyn and Bauer [16] and by Masing [25], the internal stresses induced 
y plastic deformation are of three kinds. The first is caused by non- 
niformity of plastic deformation in different parts of a cross section. 
Internal stress of this kind may be measured approximately by Heyn’s 
ethod. Such internal stress tends to lower the observed elastic 
strength. The second kind of internal stress is due to initial differ- 
ences in the resistance to plastic deformation of variously oriented 
crains of a polycrystalline aggregate, and to differences in the strength 
of different microconstituents. This condition exists in metal that 
has been stressed beyond its yield strength; it varies from grain to 
m3 n of a polycrystalline ageregate. According to Masing [27] and 
hers, this is the cause of the Bauschinger effect and of the “elastic 
ltereffect,” better designated as negative creep. It tends to 
strengt then the metal in the direction of the previous loading beyond 
‘vield strength and to weaken the metal in the opposite direction. 
The range between the tensile and compressive yield stresses is not in- 
eased by the Bauschinger effect, but the range increases with work- 
ardening. 
The third kind of internal stress, as described by Heyn and by 
lasing, is associated with the space lattice changes involved in work- 
rdening. A recent paper by Smith and Wood [37] has shown that 
440573426 





320 Journal of Research of the National Bureau of Standards 


plastic extension of iron causes three-dimensional expansion of {|) 
space lattice to exist after removal of the external stress. 7), 
directional variation of the expansion was not determined; it seems 
probable, however, that the expansion is greatest in the direction of 
the prior tensile extension. The investigators are of the opinion tha; 
the lattice expansion diminishes with rest at room temperature. It js 
also believed to be completely removed by annealing at a temperature 
considerably below the recrystallization range, although the evidence 
presented does not give conclusive support to this view. Moreove; 
there is considerable scattered evidence that the lattice expansion, lik. 
internal stress of the first kind, cannot be completely removed by 
heating at temperatures below the recrystallization range. Examples 
of such evidence were given by Sachs in discussing a paper by Masinz 
[26]. He referred to an experiment by Heyn, in which the recrystal. 
lization of a bar of cold-drawn iron caused a decrease of volume. Hoe 
also mentioned other evidence of negative creep induced by recrystal- 
lization. The lattice expansion, therefore, probably is essentially 
associated with work-hardening. 

In future discussion, the unqualified term ‘internal stress’’ will he 
confined to internal stresses of either the first or the second kind. The 
first kind will be termed ‘‘macroscopic internal stress,’’ the second wil] 
be termed “microstructural stress.’”” The term, ‘internal stress.” 
will not be applied to the stresses due to space lattice changes, but at- 
tention will be focused on one of these changes, lattice expansion. 

The effect of rest after tensile plastic extension cannot be viewed 
as a relief of macroscopic internal stress. Although negative creep 
occurs during rest without load [22], the stress-set curve generally 
becomes less steep and the proof stresses decrease, with increase in 
the rest interval. The effect, therefore, is opposite to that of relief 
of macroscopic internal stress. It might be at least partly due toa 
reduction of the unsymmetry of the range between the tensile and 
compressive yield stresses (the Bauschinger effect). Such a reduction 
of the Bauschinger effect might be caused by relief of microstructural 
stresses. The negative creep during rest, however, may be largely 
due to a decréase of the lattice expansion, especially the expansion 
in the direction of the previous loading.? The effect of rest after 
plastic extension thus is the resultant of the effects of reduction of 
macroscopic internal stress, of microstructural stress, and of the 
lattice expansion, all of these effects being associated with negative 
creep. In the rest intervals after tensile plastic extension, the 
dominant effect probably was a reduction of the lattice expansion 
and a resultant decrease in the proof stresses. 

Oscillations in a curve of the type shown in figure 3, however, are 
found even when both rest intervals are long [22]. A rise of the 
curve at such an oscillation could be due either to a decrease of 
macroscopic internal stress, to an increase of the Bauschinger effect, 
or to an increase of the lattice expansion. Variations in the relative 
magnitude of these factors cause temporary maxima and minima in 
the proof-stress extension curves, especially in the curves for 0.001- 
and 0.003-percent proof stresses. 

Curves of variation of the tensile and compressive yield stresses 
(0.2-percent offset) with prior plastic extension by tensile loading 


2 Such a cause for negative creep is suggested by Smith and Wood [87]. A directional variation of the 
expansion would account also, at least partly, for the Bauschinger effect. 
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are shown in a paper by Templin and Sturm [39]. With prior plastic 
extension, the curve of tensile yield stresses rises far above the 
ourve of compressive yield stresses. The relationship evidently is 
on illustration of the influence of prior tensile extension on the 
Ba wschinger effect. Cold-drawn metals, however, showed equality 
between the tensile and compressive yield stresses. Such a relation- 
ship implies that the curves showing the influence of plastic exten- 
sion on the tensile and compressive ‘yield stresses would practically 
coincide when the extension is produced by cold-drawing. 

It is of interest, therefore, to compare the proof-stress extension 
curves With the corresponding proof stresses obtained with nickel, R, 
that had been cold-drawn to a reduction of about 60 percent and not 

afterward annealed. Such a comparison may be made in figure 3 
by reference to the right boundary, where the short horizontal lines 
represent the five proof stresses.’ The comparison leads to the 
conclusion that the unsymmetry of the range between the tensile and 
compressive yield stresses was little, if any, greater for the metal 
that had been extended by intermittent tension than for the metal 
that had been extended by cold-drawing. The intermittent stressing 
used in the determination of the curves in figure 3 may have had a 

sufficiently mobilizing influence to free the curves from the Bausch- 
inger effect. 


3, GENERAL DESCRIPTION OF THE STRESS-DEVIATION CURVES 
FOR NICKEL AND THEIR RELATION TO THE STRESS-SET CURVES 


An incomplete view of the elastic properties of a metal is obtained 
by considering only the relation between stress and the deformation 


that remains after the stress has been removed. Consideration 
should be given also to the influence of stress on the accompanying 
total strain and on the elastic strain. These relations are revealed by 
the stress-deviation curves for nickel and by derived curves and 
indices. 

Stress-deviation curves for annealed nickel are shown in the upper 
row of figure 1. The value /, given in each of the diagrams is the 
assumed modulus used in obtaining the deviations, as described in 
section III. The initial backward tilt of some of the stress-deviation 

curves is due to the selection of a slightly too small value for 4. 
Each broken curve represents the influence of stress on the total devi ia 
tion. Each solid curve, termed “corrected stress-deviation curve,” 
in the upper row of figure 1 was obtained from the corresponding 
broken curve by deducting values of permanent set obtained from the 
stress-set curve directly below. 

As the stress-deviation curves, like the stress-set curves, are affected 
by the extension spacing and by the duration of the rest interval [22], 
it is of interest to observe whether these variables have similar or 
opposite effects on the slopes of the stress-deviation and stress-set 
curves. As previously shown [22], the first stress-set curve of a pair, 
because of the extension spacing and of the variations of the rest 
int terval, tends to be less steep than the second curve. Numerous 

strations of this tendency are found in figure 3, which is derived 
from the stress-set curves of figure 1. The cor rected stress-deviation 
curves of the same pairs, however, generally show the opposite relation- 


ec 
The st rt horizontal lines at the right border of figure 3 indicate values obtained with cold-drawn, 
unannealed nickel. 
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ship. There is a tendency for the first curve of a pair to be steep 
than the second. This gece is revealed better by a study 
derived diagram (fig. 4), which will be considered later. 


4. INFLUENCE OF STRESS ON THE MODULUS OF ELASTICITY of 
NICKEL 


As the corrected stress-deviation lines curve continuously forwar) 
the modulus of elasticity of nickel evidently decreases continuously 
with increase in stress. The secant modulus,‘ given by the ratio o; 
stress to elastic strain, has been used in the previous paper [22] and j; 
this paper to study the variation of the modulus with stress and wit! 
prior plastic extension. 

Graphs of variation of the secant modulus of elasticity with stress 
have been derived from all the corrected stress-deviation curves jy 
figure 1 and are shown in figure 2. The graphs are numbered cop. 
secutively in each figure to correspond to the stress-deviation curve; 
from which they are derived. Each stress-modulus line has been 
shifted to the rght from the preceding line, and has been given 
separate abscissa scale. Abscissas reading from left to right represent 
values of the secant modulus of elasticity; the scale of abscissas js 
indicated. Ordinates represent stress, based on the sectional area at 
the beginning of the series of load cycles used in the curve. 

In deriving a stress-modulus line from a corrected stress-deviativ1 
curve, values of the secant modulus were calculated for various 
points on that stress-deviation curve. These points in figure 2, 
therefore, correspond to selected points on the stress-deviation curve, 
not to stresses at which strains were observed. 

The prior plastic extension. corresponding to each stress-modulus 
line is indicated in the derived diagram (fig. 4), which shows the in- 
fluence of plastic extension on indices calculated from the stress- 
modulus lines. The experimentally derived points in figure 4 are 
numbered to correspond to the stress-modulus lines from which they 
are derived. 

In the consecutive series of stress-modulus lines for fully annealed 
nickel R-14 (fig. 2), lines 1, 4, 5, 6, 7, and 8 are curved throughout 
their extent. Lines 2 and 3 are curved only at the higher values of 
stress. The other lines in this figure are practically straight. The 
prior plastic extension beyond which all the stress-modulus lines are 
straight is about 5 percent (fig. 4). The evidence indicates that the 
stress-modulus line for nickel tends to be practically straight when 
the prior plastic extension, whether by tension or by cold drawing, is 
more than 5 percent. 

In this respect, nickel is similar to the 18:8 chromium-nickel steels 
discussed in the previous paper [22]. The stress-modulus line {or 
annealed 18:8 alloy was found to be straight when the prior plastic 
extension was more than about 12 percent. Unannealed cold- wwe 
18:8 alloys (half-hard and hard) generally give straight stress-modu 
lines. 


5. INDICES OF VARIATION OF THE MODULUS OF ELASTICITY WITH 
STRESS 


The modulus of elasticity at zero stress (Z,) may be determined 
directly from a stress-modulus line by extrapolating the line to zer 


4 It should be noted that this modulus differs from a frequently used secant modulus based on the varia! 
of total strain with stress. 
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[22]. When the stress-modulus line is straight, the variation of 
cant modulus (/) with stress (S) may be represented by 

EH= K,—kS. (1) 

‘onstant k is the cotangent of the angle of slope of the stress- 


nodulus line. As shown in the previous paper [22], however, it is 
<ometimes More convenient to change eq | to the form 
= F,(1—OS), (2) 
re Cy=k/E represents the stress coefficient of the secant modulus. 
When the stress-modulus line is curved from its origin, as are some 
es in figure 2, the stress coefficient of the modulus is not constant 
t varles with the stress. The variation of the modulus with the 
ress, then, cannot be represented by Cy alone. The curved stress- 
odulus line may be represented approximately by adding another 
nm to eq 2 and thus obtaining 
E=E,(1—C,S—C’S?), (3) 
here C’ is an index of the curvature of the stress-modulus line.’ 
he second constant (C’), which may be viewed as a quadratic 
iress coefficient of the modulus, i is needed for use with nickel that 
as been fully annealed and afterward not extended more than about 
spercent. For sufficiently work-hardened nickel, the stress coefficient 
of the modulus is practically constant and is represented by the linear 
efficient Cp. 
Values of Cy are indicated (fig. 2) by a number adjacent to each 
modulus line. The value of / for each stress-modulus line is 
indicated by the intersection of the line with the axis of abscissas. 


§. FORM OF THE CORRECTED STRESS-STRAIN CURVE FOR NICKEL 


The variations of Cy and C’ with plastic extension evidently are 
e to variations in the form of the corrected stress-strain curve. The 
veneral equation for the corrected stress-strain curve is derived from 


e= S/H=S/E,(1—Q,S— C’S?), (4) 
where €is the corrected strain. As the linear and quadratic correction 
terms are small compared with 1, eq 4 may be written 

e= (1/E)) (S+C,S?+ C’S*). (5) 
As the strain corresponding to the tangent to the stress-strain line at 
ihe origin is S/Eo, the deviation (e,) from this tangent is 
€g=e—S/Ey= (1/ Eo) (GS?+ C’S*). (6) 
When the stress-modulus line is straight, C’ is zero and the last term 
of T eq 6 disappears. The stress-deviation relationship corresponding 
‘oa straight stress-modulus line, therefore, is represented by 
€a= CyS?/ Ep, (7) 
which is the equation for a quadratic parabola. When C, is zero, 
CoS of eq 6 disappears. The corrected stress-deviation line corre- 
sponding to this relationship is represented by 
ég=C’ S*/E,, (8) 


which is the equation for a cubic parabola. 


‘In the earlier paper [22], the constants C; and C3 were used. Co=Ci and C’=(C;.C:. 


oO. 
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The stress-deviation curve for nickel that has been extended m 
than about 4% percent is a quadratic parabola. When the curve 
stress-modulus lines for annealed nickel (fig. 2) are vertical at the zery 
stress axis, Cy is zero, and the corresponding stress-deviation curye: 
are cubic parabolas. 


7. INFLUENCE OF PLASTIC EXTENSION OF ANNEALED NICKEL on 
THE MODULUS OF ELASTICITY AND ON ITS LINEAR STREss 
COEFFICIENT 


The values of E) and Cy given in figure 2 have been used in deriyiyy 
the diagram in figure 4, w hich shows the variation of these indices with 
prior plastic extension. The abscissas represent the percentages of 
prior plastic extension. Ordinates of two of the curves represen 

values of the modulus of elasticity; the ordinate scale for these curves 
is at the left of the figure. Ordinates of the other curve represent 

values of the stress coefficient Co; the ordinate scale for this curve js 
at the right of the figure. 

The experimentally determined points in figure 4 have been num- 
bered to correspond to the consecutively numbered stress-modulis 
lines in figure 2. Before the general trend of the curves in figure 4 is 
considered, attention will be given to the superposed osc illations due to 
the influence of the extension spacing and the variation of the rest 
interval. The oscillations superposed on the curve for Cp generally are 
qualitatively similar to the corresponding oscillations 1 in the curve for 
Ey. Each abrupt rise or drop in the curve for Fy is ac companied by a 
similar change of direction in the curve for Cy. In this respect, the 
curves for nickel are similar to curves of the same type for 18: 
chromium-nickel steel -[22]. 

The abrupt oscillations in the curves for Ky and C) (fig. 4), however 
generally are associated with opposite oscillations in the proof stress- 
extension curves (fig. 3). This relationship is in accordance with 
the previously mentioned fact that a difference in steepness of thi 
stress-deviation curves of a pair generally is associated with the 
opposite difference in steepness of the corresponding stress-set curves. 
(A similar inverse relationship was also found for the 18:8 chromiun- 
nickel steels discussed in the previous paper [22]). The magnitude 
of such oscillations is affected by the duration of the rest interval 
Increase in the rest interval tends to decrease the slope of the stress- 
set curve and to increase the initial slope (/)) and the curvature 
(Co) of the corrected stress-deviation curve. 

A basic curve of variation of EZ) or C, with prior plastic extensor 
would follow the general course of the corresponding series of exper'- 
mental points. The basic curve for FE, is indicated qualitatively in 
figure 4 by the dotted curve. The basic Cy curve is so clearly indicated 
by the sequence of experimentally determined points that no dotied 
curve is needed. 

The basic E, curve (fig. 4) first descends rapidly at a decreasing 
rate and reaches a minimum at slight plastic extension. With further 
extension, the curve rises rapidly above the value at zero plastic ex- 
tension and continues to rise at a gradually decreasing rate. At the 
beginning of local contraction (35-percent extension), ‘the E, curve 3s 
still rising slowly, and is considerably higher than at zero plastic 
extension. As would be expected, the v value of E, at the beginning o! 
local contraction is about the same as that for the severely cold-drawn 
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nickel, R (fig. 4). The basic Cy curve for annealed nickel differs in 
important respects from the £ curve (fig. 4). Between points 7 and 
9. the Cy curve rises rapidly, as does the ZH, curve. Beyond point 9, 
owever, the Cy curve descends at a decreasing rate. 

The general rise of the 2 curve is due to the dominant influence of 
a change of crystal orientation. The initial rise of the Cy curve is due 
10 the dominant influence of increasing internal stress. The descent 
of these two curves is due to the dominant influence of another factor 
associated with plastic extension. The influence of these three fac- 
‘ors on the curves for various metals is discussed in section VIII. 


s, INFLUENCE OF PRIOR PLASTIC EXTENSION OF NICKEL ON THE 
QUADRATIC STRESS COEFFICIENT, C’, OF THE MODULUS OF 
ELASTICITY 


It has been shown that the curvature of the stress-modulus line is 
found only when the prior plastic extension of annealed nickel is less 
than about 5 percent. The extension at which the curvature of the 
stress-modulus line disappears is the extension at which Cy reaches a 
maximum (figs. 2 and 4). As the quadratic stress coefficient, C’, is 
ihe index of curvature of the stress-modulus line, consideration should 
be given to the variation of C’ with plastic extension to the point 
where C’ becomes zero. This variation of C’ for annealed nickel is 
shown in figure 10 (A). 

The quadratic stress coefficient was obtained directly from the 
stress-modulus curve in the following manner. Straight lines were 
lrawn tangent to the curves at the zero values of stress. For some 
conveniently selected value of stress, which was the same for each 
curve of the series obtained with a single specimen, the deviation of 

tangent from the curve was measured. This deviation, divided 
by EyS?, gave the value of C’. 

The curve of variation of C’ with extension for annealed nickel 
fig. 10 A) starts at a low value. Because of the inexactness of the 
determination of C’, especially when the curvature of the stress- 
modulus line is slight, too much significance should not be attached to 
the course of the C’ curve near its origin. The general course of this 
curve indicates that plastic extension tends to cause a rapid increase 
of C’ to a maximum, which is reached at a plastic extension of between 
land 2 percent. With further plastic extension, the curve descends 
and disappears at a value of about 4% percent. At this point, the 
stress-modulus line becomes straight and C, reaches a maximum, 


9. ELASTIC PROPERTIES OF SEVERELY COLD-DRAWN NICKEL AS 
AFFECTED BY FURTHER PLASTIC EXTENSION AND BY ANNEAL- 
ING FOR RELIEF OF INTERNAL STRESS 


One specimen of nickel that had been cold-drawn to 60-percent 
reduction in cross section was tested as received. Another specimen 
was tested after annealing at 500° F for relief of internal stress. As 
preliminary experiments had shown that annealing at 500° F gave 
the highest values of the proof stresses, this temperature seemed most 
suitable for relief of internal stress with a minimum of softening effect. 


. The short horizontal lines at the right-hand border of figure 4 indicate values obtained with cold-drawn 
anannealed nickel. The horizontal arrows indicate values obtained with cold-drawn nickel that had been 
‘nealed for relief of internal stress. 
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Stress-set and stress-deviation curves obtained with these specin,, 
are shown in figure 5 (A and B). A striking feature in one tere 
diagrams is the complexity of some of the curves. The slope of ¢] th ™ 
curves first increases, then d ecreases. Of this type are curves 2, 5, »; 
6 of diagram A and curves 3, , and 11 of diagram B. Other s ag 
set curves give evidence of ‘nitial negative set; of this type, the mou 

conspicuous are curves 3 of diagram A and 9 of diagram B, Wher 
stress-set curve has an initial increase in slope, the uncorrected strocs. 
deviation curve generally has a similar form. With annealed nijelco! 
a few (less conspicuous) examples of curvature of this type we 
obtained, for example , curve 9 in figure 1. 

Nearly all the specimens that gave curves with reversal Or \ 
initial negative set had rested for a relatively long interval | 
determination of the curves. The curves evidently reveal caine Si 
influences of plastic deformation and rest. As prev lously shown, ; 
after plastic deformation tends to lower the proof stresses and to jy. 
crease both EF, and Co. If another stress-set curve and the corp. 
sponding stress deviation curve are determined with the same specime 
and without intervening plastic extension, but with a shorter rest 
interval [22], the proof stresses generally are raised and EF, and (, are 
lowered. With 18:8 alloy [22], these effects manifest themselves only 
in the second curve of such a pair; with nickel, they evidently may 
manifest themselves during the determination of the first curve of 3 
pair, thus causing an increasing slope or an initial negative set. 7), 
opposing effects of plastic deformation and rest on the elastic proper: 
ties will be considered further in section VIII. 

Because an uncorrected stress- deviation curve of complex form i: 
associated with a qualitatively similar stress-set curve, the correcte 
stress-deviation curve has no reversal but inclines continuously 
forward. Stress-modulus lines, derived from the corrected stress- 
deviation curves of figure 5, are shown in figure 6. Only one of these 
lines (line 1 of diagram A) is curved from its origin. The other lines 
may be considered practically straight, at least for a considerable 
distance from the origin. If some of the lines were drawn strict! y in 
accordance with the experimental points, they would have a sinuous 
form, or even a slight continuous increase of slope, throughout the 
extent here shown. As these anomalies may be attributed to varia- 
tions of the observed values within the limitations of experiment! 
accuracy, such graphs have been represented by straight lines. The 
evidence in figures 2 and 6 thus indicates that the stress-modulus line 
for nickel tends to be practically straight when the prior plastic ex- 
tension, whether by tension or by cold-drawing, is more than about 
5 percent. 

Proof-stress extension curves, derived from the stress-set curves o/ 
figure 5 are shown in figure 7. In comparing the two diagrams of 
figure 7, the great difference in the abscissa scales should be kept i 
mind. Inthe unannealed cold-drawn nickel (diagram A), local con- 
traction began after an extension of only about 1 percent. This slight 
extension, however, evidently caused considerable improvement in the 
proof stresses, even in the 0.1-percent proof stress, which is an index 
of yield strength. Part of the great improvement between points | 
and 2 in each curve probably was due to the great difference in the 
prior rest intervals. Nevertheless the course of the upper two curves 
(which may be viewed as a variation of two indices of yield strengt! 
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indicates that the extension caused considerable work-hardening, 
though at a rapidly decreasing rate. The improvement in the 0.001- 
and 0.003-percent proof stresses, indicated by the rise of the lower 
two curves, is due chiefly to the resultant of the work-hardening and 
ofa change of internal stress. The initial rise of the Cy curve in figure 
, 4), however, indicates that the plastic extension of this cold-drawn 
metal caused an increase of internal stress. As an increase of internal 
stress Would tend to depress the 0.001- and 0.003-percent proof 
stresses, the rise of the lower two curves in figure 7 (A) must be 
attributed to a dominant influence of work-hardening. In this respect, 
the cold-drawn nickel behaved differently from severely cold-drawn 
18: Salloys. Slight plastic extension of the 18: 8 alloys caused a great 
increase Of the lower proof stresses, but a decrease of Op [22]. 

The effects of annealing at 500° F for relief of internal stress are 
revealed by a comparison of diagrams A and B in figures 7 and 8. 
The origins of the proof-stress curves in diagram B of figure 7 are 
higher than the origins of the corresponding curves in diagram A. 
The difference is slight for the 0.1-percent proof-stress curve and is 
createst for the 0.001-percent curve. This improvement in the proof 
stresses must be attributed to a relief of internal stress. This con- 
clusion is confirmed by a comparison of the origins of the Cy curves 
in diagrams A and B of figure 8. That the annealing caused a great 
decrease of internal stress is indicated by the great decrease of C). 

The C) curve in figure 8 (B) rises and evidently approaches a max- 
imum about as high as the maximum in the QC) curve in diagram A. 
After an extension of about 1 percent, the C) curve in diagram B 
isas high as the origin of the Cy curve in diagram A, thus indicating a 
restoration of internal stress to the amount initially present in the 
unannealed specimen. With further plastic extension, the internal 
stress evidently continues to rise at a decreasing rate. 

The basic Z curve in diagram A of figure 8 is qualitatively similar 
tothe Cy curve. The F, curve in diagram B however, is very different 
from the Cy curve. The origin of the % curve in diagram B is slightly 
higher than the origin in diagram A. The annealing for relief of 
internal stress, although it greatly decreased the curvature (C), 
evidently had little effect on the initial slope (£,) of the stress-strain 
line. The factors affecting the course of these curves will be con- 
sidered in section VIII. 


10. THE SECANT MODULUS AT ANY STRESS 


The secant modulus (£) at any stress may be calculated from corre- 
sponding values of Hy) and Co, provided that the stress-modulus line is 
straight. When the stress-modulus line is uniformly curved, the 
modulus at a given stress may be calculated from Ey, CQ), and C’ by 
means of eq 6. If the stress-modulus line is available, the value of # 
for any stress may be obtained directly from this line. The inter- 
mediate curves in figures 4 and 8 represent the variation of the moduli 
corresponding to the indicated stresses. This secant modulus at 
intermediate stresses is indicated by the latter EH with a subscript 
expressing the value of the stress in thousands. Values of £3, are 
given in figure 4 of Fy) in figure 8. These curves will be discussed 
in section VITT. 
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V. TENSILE MODULUS OF ELASTICITY OF 18:8 CHROMIuUy. 
NICKEL STEEL AND OF COPPER AS AFFECTED py 
STRESS AND BY PLASTIC EXTENSION 


1. INFLUENCE OF PRIOR PLASTIC EXTENSION OF 18:8 ALLOY on 
THE MODULUS OF ELASTICITY AND ON ITS LINEAR STREgs 
COEFFICIENT, Co 


The influence of plastic extension of ‘“‘annealed”’ 18:8 alloy on F 
and Cy is shown in figure 9, which is a modified form of a diagram jy 
the previous paper [22]. The alloy, designated 2A-1 (probably 
originally hot-rolled), had been annealed by the manufacturers, pre- 
sumably by means of the usual treatment at a temperature of 1,800 
F or higher, followed by quenching in water.’ 

The C, curve for the 18:8 alloy (fig. 9) is qualitatively similar to 
the C, curve for annealed nickel (fig. 4). The plastic extension at 
which this curve reaches a maximum is about the extension at which 
the stress-modulus line becomes straight. In this respect, the 18:8 
alloy is similar to nickel (figs.2 and 4). The basic /) curve for the 
18:8 alloy (fig. 9), however, is very different from the EK curve for 
nickel (fig. 4). Whereas the E, curve for nickel first descends then 
rises at a decreasing rate until it is far above its origin, the EZ) curve 
for the 18:8 alloy descends continuously, first at an increasing then at 
a decreasing rate. The differences between the 4, curves for 18:8 
alloy and nickel are due to differences in some factors associated with 
plastic extension (section VIII). 


2. INFLUENCE OF PRIOR PLASTIC EXTENSION OF COPPER ON THE 
STRESS-MODULUS LINE 


Three specimens of cold-rolled oxygen-free copper were tested by 
the previously described methods. One specimen was tested as 
received, and two specimens were tested after being heated to tem- 
peratures high enough to cause complete recrystallization. The 
annealing temperatures were 600° and 800° F; the lower temperature 
is just above the recrystallization range. Details of the annealing 
treatment are given in table 2. 

The two specimens of annealed copper were extended by small incre- 
ments of plastic extension to the beginning of local contraction; after 
each of these increments, a stress-set curve and a stress-deviation 
curve were determined. Attention will be confined to the stress- 
modulus lines derived from the corrected stress-deviation curves and 
to the diagrams derived from the series of stress-modulus lines. All 
the stress-modulus lines obtained with work-hardened copper N, and 
most of the stress-modulus lines obtained with annealed copper \-4 
and N-8, are shown in figure 11. 

The initial stress-modulus line for copper N-8, and lines 4 and 8 for 
copper N-6, are practically straight; all the other stress-modulus lines 
are curved throughout their extent. Some adjacent lines differ 
greatly in curvature and in initial slope. Lines 1, 4, and 8 for copper 
N-6 are nearly straight, whereas the adjacent lines are strongly curved. 
Lines 4 and 8 for copper N-8 are vertical at the zero stress axis, 
whereas the adjacent lines are much less steep. These variations 

7 A specimen quenched from 1,830° F by the authors had about the same properties. 


§ With some specimens of annealed cold-drawn 18:8 alloy, there is a slight initial rise of the Eo curve ac 
companying the much greater rise of the Co curve. 
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je slope and curvature of the stress-modulus line can be studied by 
means of the derived diagrams in figures 12, 13, and 14. The curva- 
-are of some of the stress-modulus lines, especially some lines near the 
hoinning Of each series, is much greater than the curvature of any 
s{ress-modulus line ® obtained with the other metals considered in this 
paper. With prior plastic extension, the stress-modulus line for 
ynnealed copper eventually tends to become less strongly curved, 
t does not become straight, as it does for the much stronger metals 


vu 


previously considered. This fact suggests that the straightening of 
ihe stress-modulus line may depend not merely on the degree of 
plastic deformation but on the tensile strength of the metal. 


3, INFLUENCE OF PRIOR PLASTIC EXTENSION OF COPPER ON 
THE MODULUS OF ELASTICITY. AND ON ITS LINEAR STRESS 
COEFFICIENT, C) 


The values of /) and C, derived from the stress-modulus lines in 
figure 11 are plotted as ordinates in figures 12 and 13, with abscissas 
representing the prior plastic extensions. 

The basic Hy curve (figs. 12 and 138) first descends rapidly at a 
decreasing rate and reaches a minimum at a slight plastic extension. 
With further plastic extension, the curve rises at first rapidly and 
then at a decreasing rate throughout the whole range of tensile exten- 
sion. At the beginning of local contraction, the modulus of elasticity, 
FE), has risen almost to the initial value. With still further plastic 
extension by cold-rolling, as shown by the /) curve in the diagram for 
cold-rolled copper N at the right of figure 12, the modulus of elasticity 
evidently rises to a value slightly above the initial value for fully 
annealed copper. 

The basic &) curve for copper, therefore, is qualitatively similar to 
the E) eurve for nickel (fig. 4), and is dissimilar to the 2) curve for 
18:8 alloy (fig. 9). The rise of the curves for nickel and copper is 
due to the dominant influence of a change of orientation of the 
crystallite grains with plastic extension (section VII). This factor 
and the factor dominant in the initial descent of these curves will be 
discussed in section VIIT. 

The basic Cy curve for annealed copper (figs. 12 and 13) is similar 
to the ) curve, at least throughout the initial steep descent. Although 
there are some indications that the basic C) curve reaches a minimum 
at a slight plastic extension, it now appears more probable that this 
curve descends continuously at a decreasing rate. The C) curve for 
copper is very different from the C, curves for nickel and 18:8 alloy 
ligs.4 and 9). Whereas the curves for nickel and 18:8 alloy have an 
initial rise and then a descent, the curve for copper has a continuous 
descent. The elevating influence of increasing internal stress, though 
present, evidently does not become dominant in the C) curve for 
copper. 

For nickel, 18:8 alloy, and copper, the abrupt rises or descents at 
pairs of experimental points are generally qualitatively the same for 
both the Hy and the Cy) curves. (Compare figs. 4, 9, 12, and 13.) 
These rises or descents, however, generally are opposite in direction 
to the corresponding changes in the proof-stress extension curves. 
(Compare figs. 3 and 4 and see preceding paper.) 


‘In such comparison, allowance must be made for the differences in the ordinate scales of corresponding 
lagrams, 
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4. INFLUENCE OF PRIOR PLASTIC EXTENSION OF 18:8 ALLOY Aanp 
OF COPPER ON THE QUADRATIC STRESS COEFFICIENT, C’, of 
THE MODULUS OF ELASTICITY 


With prior plastic extension of either annealed 18:8 alloy or annealed 
copper, the curvature of the stress-modulus line generally first jp- 
creases then decreases. The influence of plastic extension on (’ 
the index of curvature of the stress-modulus line, is shown for the 
18:8 alloy in figure 10 (EZ) and for copper in figure 14. 

With plastic extension of the 18:8 alloy, the C’ curve first rises 
rapidly to a maximum, then descends less rapidly and disappears 
at an extension of about 12 percent. At this extension the stress. 
modulus line becomes straight [22], and Cy, reaches a maximum 
(fig. 4). With plastic extension of copper (fig. 14), the C’ curve rises 
rapidly from an initially low value to a very high maximum and then 
descends rapidly. (The fact that this maximum is much higher for 
N-8 than for N-6 may possibly be attributed to the somewhat 
softer condition of N-8 because of the higher annealing temperature.) 
This rise and descent is followed by two similar abrupt rises and 
descents, and then by a slow downward trend at a gradually decreas- 
ing rate. The quadratic stress coefficient for copper, however, does 
not become zero, at least within the range of tensile extension, 
Moreover, even after severe cold-rolling, C’ evidently does not become 
zero (fig. 14). 


VI. TENSILE ELASTIC PROPERTIES OF OPEN-HEARTH 
IRON AND SOME CARBON STEELS 


The three metals previously considered have face-centered cubic 
space lattices. The metals now to be considered have body-centered 
cubic lattices. The first of these is a low-carbon open-hearth iron. 


1. AGE-HARDENING OF OPEN-HEARTH IRON DURING _INTER. 
MITTENT PLASTIC EXTENSION 


For most metals, the general course of a curve of variation of a proof 
stress with plastic extension is practically the same whether the ex- 
tension is continuous or is interrupted by repeated removal and 
replacement of the load. The curve, moreover, generally is no higher 
when the extension is very slow than when it is at the speed of an 
ordinary tension test. With a metal subject to age-hardening, 
however, plastic deformation followed by rest tends to cause pre- 
cipitation of a hardening microconstituent. Conditions favorable to 
age-hardening, therefore, exist during the determination of a series 
of correlated stress-set and stress-deviation curves with a specimen of 
open-hearth iron. 

With open-hearth iron annealed by ordinary furnace-cooling from 
1,750° F, age-hardening manifested itself by an elevation of the proo!- 
stress extension curves and by the greatly enhanced tensile strength 
of the specimen used in determining those curves. The tensile 
strength of such a specimen was 64,700 lb/in.?, whereas the value 
obtained by an ordinary tension test is about 42,000 lb/in’. 

In order to minimize age-hardening from the precipitation and 
coalescence of carbides, therefore, additional specimens were given 
special heat treatments before they were subjected to intermittent 
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plastic extension. The iron-carbon equilibrium diagram suggests that 
, very slow cooling from 1,750° F, especially between 1,350 and 
9a0° F, would give the most favored opportunity for precipitation 
and coalescence of carbides by heat treatment alone. Specimen 
PB-FS, consequently, was given the heat treatment indicated in 
table 2. This specimen, however, gave evidence of pronounced age- 
hardening during the intermittent extensions made in determining 
ihe proof stress-extension curve, although the age-hardening was 
much less than with specimens annealed by ordinary furnace cooling. 
As shown in table 3, the value for the ultimate strength obtained 
with this intermittently extended specimen was 54,700 Ib/in?. 
Another specimen, therefore, was water-quenched from 1,750° F so 
that all the carbides would be either in solid solution or as widely 
dispersed fine particles. This specimen was then heated for 140 
hours at 900° F to facilitate a precipitation of carbides on the widely 
dispersed nuclei. As shown by the value (54,300 lb/in.?) for the 
ultimate. tensile strength after intermittent extension (table 3), 
however, this heat treatment caused no further reduction in age- 
hardening. Age-hardening of annealed open-hearth iron during inter- 
mittent extension evidently could not be entirely prevented by a 
prior heat treatment. 


2. STRESS-SET AND STRESS-DEVIATION CURVES FOR OPEN- 
HEARTH IRON 


The stress-set and stress-deviation curves obtained with specimens 
PA-W-9 and PB-FS, which had been given the previously described 


special heat treatments for precipitation of carbides, are shown in 


figures 15 and 19. The curves obtained with cold-drawn iron, unan- 
nealed and after annealing for relief of internal stress, are shown in 
figure 22. Some of the stress-set curves in each of these figures 
have an initial increase of slope similar to that in some of the curves 
for nickel (figs. 1 and 5). In figures 15 and 22, nearly every curve 
of this type is the first curve of a pair (see the derived diagrams, figs. 
17 and 24). Curves of this type, however, were obtained after rest 
intervals of 30 minutes in boiling water (fig. 19); these curves are not 
distributed in pairs. Curve 1 obtained with specimen PA-é (fig. 22) 
shows evidence of negative creep. The specimen was actually shorter 
after being subjected to tensile stresses up to nearly 70,000 lb/in.? 
than it was before being stressed. This curve and the curves with 
initial increase of slope evidently have been affected by creep occurring 
during the determination of each curve. This creep may be partly 
due to the influence of microstructural stresses but possibly is a 
manifestation of variations of lattice expansion. Curve 1 obtained 
with PA-6 (fig. 22) suggests that the tensile stressing of this specimen 
mobilized the metal enough to permit negative creep.’ 

It is important to know whether the initial increase of steepness of 
a curve is obtained only when the extension during the determination 
of a stress-set or stress-deviation curve is by intermittent loading. 
For this reason, another specimen was extended by the usual small 
increments, but the stress-set curves (not shown) were determined 
by continuous loading, at least up to the 0.003-percent proof stress. 
The time required for this loading was about the same as that required 


———— LLL 
"The prior annealing at 500° F removed only part of the internal stresses and lattice expansion. Com- 
Picte removal would require heating to the temperature of recrystallization. 
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for determining a stress-set curve by the intermittent loading, abo; 
1 hour. Some curves obtained by this method were found to haya 
an initial increase of slope. 

When a stress-set curve has an initial increase of steepness, the 
corresponding uncorrected stress-deviation curve is similar in form 
The corrected stress-deviation line, consequently, either decreases 
continuously in slope or is practically straight throughout a consid. 
erable portion of its extent. The accuracy of the estimation of ( 
the index of curvature of the corrected stress-strain line, possibly 
is somewhat less when the curve from which it is derived is of the 
complex form than when it is of the simple form. 


3. STRESS-MODULUS LINES FOR OPEN-HEARTH IRON 


Typical stress-modulus lines obtained with open-hearth iron afte; 
one of the special heat treatments are shown in figure 16. Typical 
stress-modulus lines obtained with work-hardened open-hearth iron. 
unannealed and annealed for relief of internal stress, are shown jn 
figure 23. The initial line obtained with specimen PA-W-9 (fig. 16 
is straight and vertical. Some of the other lines are vertical at the 
zero stress axis, but are not straight. Most of the lines are prac- 
tically straight and inclined slightly from the vertical; they thus 
represent a low value of Cj, as indicated by the adjacent numeral, 
Most of the stress-modulus lines obtained with the unannealed work- 
hardened metal, PA (fig. 23, A), are practically straight and inclined, 
With the work-hardened metal, PA-7, which had been annealed for 
relief of internal stress, some straight sloping stress-modulus lines 
were obtained; some of the lines, however, are curved, and are prac- 
tically vertical at the zero axis of stress. The stress-deviation curve, 
therefore, evidently is generally a quadratic parabola, but sometimes 
is a cubic parabola. 


4. INFLUENCE OF PRIOR PLASTIC EXTENSION OF OPEN-HEARTH 
IRON ON THE MODULUS OF ELASTICITY AND ON ITS LINEAR 
STRESS COEFFICIENT, Cy 





The influence of prior plastic extension on the modulus of elasticity 
of annealed open-hearth iron is illustrated by the curves in figures 18 
and 21. With specimen PA-W-9 (fig. 18), the extension increments 
were arranged so that the experimental points are in pairs, and all 
the rest intervals were at room temperature. The wide oscillations 
superposed on the basic Cy curve make the exact course of this curve 
uncertain, but the curve is qualitatively similar to the Cy curves for 
annealed nickel (fig. 4) and annealed 18:8 alloy (fig. 9). The basic 
E, curve has an initial rise to a maximum, which is at about the exten- 
sion at which the Cy curve reaches a maximum, and then descends at a 
decreasing rate. In its final descent, the Ey curve resembles the 
curve for 18:8 alloy, figure 9. 

With open-hearth iron, the effect on Cy of the extension spacing and 
the duration of the rest interval was generally opposite to the effect 
obtained with the metals previously discussed. With open-hearth 


iron, the first experimental derived point of each pair generally is 
lower than the second (fig. 18). A similar effect of the rest interval is 
found in figure 21. <A rest interval of 30 minutes in boiling water 
evidently tended to decrease Cy for open-hearth iron, whereas the same 
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‘eatment applied to any of the metals previously discussed had the 
sume effect as a longer time at room temperature, an increase of both 
f,and Cy. . With open-hearth iron, therefore, the effect of an increase 
in the rest interval was similar to the effect of a relief of macroscopic 
internal stress. The almost complete disappearance of the Cy curve 
jue to the treatment with boiling water suggests that macroscopic 
internal stress is the factor involved in the ascent of the Cy curve 
in figure 18. 

\With the work-hardened open-hearth iron, the Zp curves show no 
dear evidence of a general trend (diagrams A and B of fig. 24), except 
possibly a slight initial descent. The basic Cy curve obtained with the 
yuannealed metal (diagram A) rises at a decreasing rate, as indicated 

y the dotted curve. A similar general trend is apparent in the curve 
(or open-hearth iron PA-7, which was annealed for relief of internal 
ress. (The possible cause of the initial dip in the 2) and Cy curves 
for this material will be discussed later.) The general trend of the 
(, curve for work-hardened open-hearth iron is similar to that of the 
(, curves for 18:8 alloy (fig. 9) and work-hardened nickel (fig. 8). 


5. INFLUENCE OF PRIOR PLASTIC EXTENSION OF THREE CARBON 
STEELS ON THE MODULUS OF ELASTICITY AND ON ITS LINEAR 
STRESS COEFFICIENT, Co 


Figures 26, 27, and 28 show the influence of prior plastic extension 
of three carbon steels on Ey and Co. In figure 26, the basic curves 
probably have the forms indicated by the dotted lines. The evidence 
indicates that both Hy and Cy tend to increase at a decreasing rate, 
and probably reach a maximum at an extension of about 7 percent. 
Asimilar initial rise is found in the Ey and Cy curves in figures 27 and 
28, With further extension, the curves descend as indicated qualita- 
tively by the dotted lines in figure 27. The maximum in each Ey 
curve is at about the same extension as that of the maximum in the 
corresponding Cy curve. 

The £y curves obtained with these three carbon steels are similar to 
the 2) curve obtained with open-hearth iron (fig. 18). The Cy) curves 
obtained with these three carbon steels are similar to the Cy curves 
obtained with open-hearth iron (fig. 18), annealed nickel (fig. 4), 
uid annealed 18:8 alloy (fig. 9). The descent of the Cy curves from 
the maximum, however, is much slower for the four steels than for the 
nickel and 18:8 alloy. All these Cy curves indicate the successive 
dominance of an elevating and a depressing factor. 


6. INFLUENCE OF PRIOR PLASTIC EXTENSION OF THREE CARBON 
STEELS ON THE QUADRATIC STRESS COEFFICIENT, C’, OF THE 
MODULUS OF ELASTICITY 


The stress-modulus lines obtained with these carbon steels are not 
shown. The variation of the index of curvature (C’), however, is 
shown for each of the three steels in diagrams B, C, and D of figure 10. 
The C’ curves in these three diagrams are qualitatively similar to the 
(' curves for the other metals represented in this figure. Each curve 
nses rapidly to a maximum, then descends less rapidly to the axis of 
abscissas. In the diagrams for the 0.42-percent and 0.73-percent 
carbon steels (diagrams C and D) the C’ curves disappear at extensions 
of about 3 and 4% percent, respectively. These are about the exten- 
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sions at which the corresponding Co curves reach their highest poini; 
(figs. 27 and 28). In this respect, therefore, these steels are similar to 
nickel (figs. 4 and 10, A) and to 18:8 alloy (figs. 9 and 10, EZ). In the 
diagram for the 0.20-percent carbon steel (fig. 10, B), the C’ curye 
disappears at an extension of more than 7 percent. This is the exten. 
sion at which Cy reaches its highest value (fig. 26) and is not far shor: 
of the beginning of local contraction. 

As a change of crystal orientation with plastic extension js a, 
important factor affecting the modulus of elasticity, crystal orientatioy 
and its influence on the modulus will next be considered. Other in. 
portant factors (associated with plastic extension) affecting the mod). 
lus of elasticity will be considered in section VIII. 


VII. CRYSTAL ORIENTATION AND ITS INFLUENCE on 
ELASTIC PROPERTIES 


1. DIRECTIONAL VARIATION OF THE MODULUS OF ELASTICITY of 
SINGLE CRYSTALS 


In considering the directional variation of the modulus of elasticity 
of metal crystals, attention will be confined to the two types of space 
lattice represented by the metals considered in this paper. These are 
the face-centered and body-centered cubic lattices. The directional 
variation of the modulus in these lattices is illustrated by the diagrams 
in figures 29 to 33, which are adaptations of diagrams found in the 
book by Schmid and Boas [35]. These diagrams are drawn with | 
spherical coordinates having their origins at the intersection of the 
three mutually perpendicular cubic axes of symmetry represented by 
C in the figures. The surface shown in each figure is the locus of all 
points representing (by distance and direction from the origin) values 
of the modulus of elasticity. 

In the discussion of crystal orientation, use will be made of the 
Miller indices of crystal planes and directions. A cubic plane is thus 
represented by (100), an octahedral plane by (111), and a dodecahedral 
plane by (110). A crystal direction is designated by the plane to which 
the direction is normal. In order to distinguish a direction from a plane, 
use is made of brackets instead of parentheses. Thus, a direction 
making equal angles with all three principal axes is denoted by [111], 
the direction of a cubic axis of symmetry by [100], and the dodecahe- 
dral direction by [110]. 

A diagram of variation of the tensile modulus of elasticity (£) of a 
face-centered cubic metal, gold, is shown in figure 29. The modulus 
for this metal is least in the direction of the cubic axis (C) and greatest 
in the octahedral direction (0). The ratio between these maximum 
and minimum values for gold is given as 2.71 [35]. For copper and 
silver, the ratios given are 2.85 and 2.55, respectively. Diagrams for 
copper and silver, therefore, would be similar to the diagram for gold 
(fig. 29). The diagram for aluminum (fig. 30), however, is very 
different. The ratio of values of the modulus of elasticity of this face- 
nc ogi cubic metal in the [111] and [100] directions is given 8s 
pnly 1.2. 

A diagram for a body-centered cubic metal, alpha iron, is shown n 
figure 31. This diagram is similar in form to the diagram for gold 
(fig. 29). The ratio of maximum to minimum values of the modulus 
for this metal is said to be 2.15 [35]. For tungsten, another body- 
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centered cubic metal, the ratio is given as about 1.0. A diagram for 
tungsten, like the diagram for aluminum (fig. 30), evidently would 
he nearly a sphere. 

The directional variation of the shearing modulus, G, as illustrated 
by the diagram for alpha iron in figure 32, evidently is opposite to the 
variation of the tensile modulus. The maximum value of the shearing 
modulus is in the direction of the cubic axis, which is the direction 
of the minimum value of the tensile modulus. The ratios of the 
maximum to the minimum values of the shearing modulus for alpha 
iron, gold, copper, and silver are 1.93, 2.28, 2.48, and 2.26, respectively. 
These ratios are slightly less than the corresponding values of the 
tensile modulus. For aluminum and tungsten, which give nearly 
spherical diagrams for the tensile modulus, the ratios of maximum to 
minimum values of the shearing modulus are small, about 1.16 for 
aluminum and 1.0 for tungsten [35]. Shearing-modulus diagrams for 
these metals evidently would be nearly spherical. 

When the directional variation of the modulus of elasticity is as 
great as it is for copper or alpha iron, the orientation of the crystals 
may have a great effect on the modulus of elasticity of a polycrystalline 
aggregate, Consideration, therefore, must be given to the influence 
of plastic deformation of a polycrystalline aggregate on the orientation 
of the grains. 


2. CYLINDRICAL AND PARALLELOPIPEDAL DEFORMATION 


In the study of the influence of plastic deformation on crystal 
orientation, it is convenient to consider two types of uniform deforma- 
tion. One of these is cylindrical deformation, the other is paral- 
lelopipedal deformation. 

Cylindrical deformation causes equal percentage changes in two 
dimensions, and a necessarily opposite change in the third dimension. 
In cylindrical deformation, therefore, the ratio between two of the 
dimensions remains unchanged, although the external form is not 
necessarily cylindrical. This type of deformation of a poiycrystalline 
aggregate may be produced by tensile extension, by drawing, by rolling 
of rod or wire, or by axial compression of a cylinder. 

Parallelopipedal deformation is illustrated by the deformation of a 
cube into a rectangular parallelopiped whose three principal dimen- 
sions are unequal. The unidirectional rolling of a plate or sheet is 
the most common example of this type of deformation. Although the 
width of the sheet remains practically unchanged by rolling, the ratios 
of the three dimensions change greatly. Another example of paral- 
lelopipedal deformation is the deformation of a single crystal under 
unidirectional loading without restraints. Slip generally starts on 
only one set of planes and in one direction on each plane. The slip 
causes a change of direction of the plane with reference to the direction 
of loading; an initially circular cross-section thus becomes elliptical. 
By special procedure [40], however, a single crystal can be subjected 
to cylindrical deformation, and the orientation thus produced gen- 
erally differs from the orientation produced by unidirectional loading. 

As the investigation here described was made with round rods of 
polycrystalline metals, attention will be centered on the effect of 
cylindrical extension on crystal orientation. 


44057342—_7 
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3. INFLUENCE OF PLASTIC EXTENSION ON THE CRystTar 
ORIENTATION OF FACE-CENTERED CUBIC METALS 


Unidirectional extension of specimens cut from single crystals of 
aluminum, as shown by Taylor and Elam [38], causes a [112] direction 
of the crystal to approach and finally to reach the direction of tensile 
loading. ‘These conclusions have been confirmed by the investiga. 
tions of others, not only for aluminum, but for other face-centered 
cubic metals. 

Cylindrical extension of single crystals of face-centered cubic metals 
however, causes a different type of crystal orientation, as has been 
shown for copper by Vacher [40]. Cylindrical specimens of copper 
some consisting of single crystals and some of two crystals, were 
swaged cold to various degrees of reduction, ranging from 30 to 95 
percent. If the angle between the octahedral direction and the axis 
of the specimen was initially less than the angle between the cubic 
axis and the axis of the specimen, the crystal approached the [111] 
orientation; otherwise, it approached the [100] orientation. The 
cause of this difference between cylindrical and unidirectional exten- 
sions is the lateral restraint necessary for the cylindrical extension. If 
either an octahedral direction or a cubic axis is in the direction of 
extension, either three or four planes of slip and either six or eight 
directions of slip, respectively, are symmetrically placed with reference 
to the direction of extension, and the resolved shearing stresses in 
these symmetrically placed directions are equal. If this alinement 
could be maintained during tensile extension, the extension would be 
by cylindrical deformation. This alinement, however, is metastable 
for tensile extension; a small deviation from alinement would cause 
still further deviation. A small lateral restraint, however, would 
preserve the alinement and thus would keep either the cubic axis or 
the octahedral direction in the direction of the axis of the specimens. 
When neither the octahedral nor the cubic axis is initially in the 
direction of the specimen axis, extension with lateral restraint (as by 
swaging) evidently causes approach to either the octahedral or the 
cubic orientation [40]. 

In a polycrystalline aggregate under cylindrical deformation, each 
crystal is under lateral restraint by adjacent crystals, and thus under- 
goes cylindrical rather than serehalabinadal deformation. Cylin- 
drical extension of a polycrystalline aggregate of a face-centered cubic 
metal, therefore, might be expected to cause some of the crystals to 
assume the cubic orientation and others to assume the octahedral 
orientation. Such a duplex orientation of polycrystalline aggregates 
was found long before the investigation by Vacher [40] of the 
cylindrical extension of single crystals. It was shown by Ettisch, 
Polanyi, and Weissenberg [6, 7] that hard-drawn wires of face-centered 
cubic metals have both cubic and octahedral orientations (double 
fiber texture). Sachs and Schiebold [33], however, found that alu- 
minum has almost entirely the octahedral orientation. This conclu- 
sion was confirmed by Schmid and Wassermann [36], who showed also 
that the orientation textures of face-centered cubic metals differ only 
in the proportions of the [111] and [100] orientations. They found 
the following proportions of [100] and [111] orientations in cylin- 
drically extended metals. 
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Schmid and Wassermann [36] found also that the amount of 
preferred orientation in wire is small in the outer layer, but increases 
toward the center. In the outer layers, moreover, the preferred crystal 
axes are not exactly in the direction ‘of the wire axis but make a small 
angle, so that the orientation is conical rather than longitudinal. This 
angle, however, decreases toward the center and, at a certain depth, 
the orientation becomes longitudinal. Vargha and Wassermann [41] 
found that the orientation texture is the same in the interior of both 
drawn and rolled wires, and that the same duplex orientation is 
produced by tensile extension. 

Cold-drawn wires of nickel were found by Greenwood [15] to have a 
double-fiber texture, consisting of [100] and [111] orientations, with 
the [111] orientation predominating. As binary alloys of nickel and 
copper form a continuous series of solid solutions, all these alloys in 
the form of rod or wire would be expected to have qualitatively similar 
texture. Cold-drawn rods of a nickel-copper alloy, Monel metal, are 
said to have a double-fiber texture with the [111] orientation greatly 
predominating. 


4, INFLUENCE OF PLASTIC EXTENSION ON THE CRYSTAL ORI- 
ENTATION OF BODY-CENTERED CUBIC METALS 


The most common body-centered cubic metals are alpha iron, 
chromium, molybdenum, and tungsten. Carbon steels are body- 
centered cubic unless the composition and heat treatment are such 
as to produce austenite (gamma iron), a face-centered cubic metal. 
A body-centered cubic metal alloyed with iron tends to produce a 
body-centered cubic alloy; a face-centered cubic metal (such as 
nickel or manganese), if alloyed with iron, may cause the alloy to be 
face-centered cubic. The space lattice of steels containing iron, 
carbon, chromium, and nickel, therefore, depends on the proportions 
of these elements. If the percentage of nickel is high enough, as in 
the 18:8 chromium-nickel steel, the alloy is face-centered cubic. 

As shown by Ettisch, Polanyi, and Weissenberg [6] and confirmed 
by a number of other investigators [9], cold-drawn iron rod or wire 
gives preferred dodecahedral [110] orientation in the axial direction. 
Amore recent investigation by Barrett and Levenson [1] leads to the 
same conclusion. Dodecahedral [110] orientation, with no trace of 
other textures, was found after severe cold-drawing, or after swaging 
followed by drawing. This orientation was found with iron, iron- 
silicon alloys, and iron-vanadium alloy; it was found both with single 
crystals and with polycrystalline aggregates. The single crystals 
generally became fragmented whether or not lateral constraint was 
imposed (by adjacent crystals or by the walls of a die). 


" Private communication from O. B. J. Fraser, Director of Technical Service of Mill Products, Inter: 
national Nickel Co. (August 2, 1939). : 
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Preferred orientation may be found not only in cold-worked meta] 
but also in hot-worked metal. Gensamer and Vukmanic [9] investi. 
gated the orientation of metal sheet that had been rolled at 780° and 
910° C. The texture was found to be qualitatively similar to that of 
cold-rolled sheet. In the sheet rolled at 910° C, however, the texture 
was less distinct than in the sheet rolled at 780° C. 


5. EFFECT OF ANNEALING ON CRYSTAL ORIENTATION 


Fully annealed metals were used in many of the previously described 
experiments made to determine the influence of tensile extension on 
the elastic properties of metals. As these metals had been given 
preferred orientation during the forming of the cylindrical rods, it is 
important to know the effect of the annealing on the crystal orienta- 
tion. Consideration must also be given to the possibility of changes 
of crystal orientation due to annealing for relief of internal stress. 

In considering the effect of annealing on preferred orientation, atten- 
tion will be given first to face-centered cubic metals. It has been 
shown that these metals, after cylindrical extension, generally have a 
duplex structure with both [100] and [111] directions in the direction 
of extension. Annealing some of these metals tends to cause a de- 
crease in the ratio of crystals with [111] orientation to those with [100] 
orientation. Farnham and O’Neill [8] obtained such a result by an- 
nealing hard-drawn copper wires. Even after annealing at 130° C 
(266° F), a temperature too low to cause recrystallization, they found 
an appreciable increase in the ratio of the crystals with [100] to those 
with [111] orientations. After annealing at 280° C (536° F), a tem- 
perature that caused complete recrystallization, there was a further 
increase in this relative amount of [100] orientation. 

Annealing aluminum after plastic extension [38] caused no new pre- 
ferred orientation. Annealing at temperatures above 500° C, how- 
ever, was said to give a random orientation. Burgers and Louwerse 
[4] found that when single crystals of aluminum were deformed by 
compression and then recrystallized (at 600° C) new grains appeared 
with orientations different from those of the parent crystal. Polycrys- 
talline aluminum, after axial compression, was reported to have a 
[110] orientation and to retain this orientation after recrystallization. 
A different conclusion, however, was recently expressed by Barrett [2]. 
He found that the deformation and recrystallization textures of 
axially compressed high-purity aluminum were similar. Practically 
the same results were obtained whether the compressed cylinders were 
single crystals or polycrystalline aggregates. The texture obtained 
consisted of a range of orientations with the mean orientation approx- 
imately [110]. 

Collins and Mathewson [5] state that no simple relationywas found 
that would rationalize the relation of the orientation of a retrystallized 
aluminum grain to that of the original crystal. 

Géler and Sachs [12] state that the effect of annealing on crystal 
orientation is sensitive to impurities and to slight variations in treat- 
ment. Two specimens of copper with practically the same rolling 
texture had very different textures after apparently the same anneal- 
ing treatment. One specimen had a random orientation, the other 
had a new preferred orientation. The great effect of impurities on 
the recrystallization texture is also mentioned by Farnham and 
O’Neill [8]. They state that impurities in copper may greatly affect 
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the tendency to change from a deformation texture to a recrystalliza- 
tion texture. 

Sheet material has been used almost exclusively in investigations 
of the recrystallization texture of body-centered cubic metals. The 
texture of body-centered cubic metals after rolling to sheet form con- 
sists of a [110] direction in the direction of rolling, another [110] di- 
rection in the direction of the width of the sheet, and a [100] direction 
normal to the surface. The recrystallization texture of iron has been 
sui .d by Barrett, Ansel and Mehl [3], by Gensamer and Lustman 

(10], and ‘by others. They found that recrystallization causes rota- 
tion of the rolling texture 15° to 17° each way about the normal to the 
surface of the sheet. Such a rotation may be visualized with the help 
of the diagram in figure 30. 

Cold-rolled or drawn rod or wire of body-centered cubic metals has 
a [110] direction in the direction of the axis of the rod or wire, and 
generally a random radial orientation. It seems probable that the 
recrystallization of cold-worked rod or wire would cause a rotation of 
the deformation texture, just as it causes a rotation of the texture of a 
plate or sheet. 


6, DIRECTIONAL VARIATION OF THE ELASTIC STRENGTH OF A 
SINGLE CRYSTAL 


It is important to know the influence of crystal orientation not only 
on the modulus of elasticity but also on the elastic strength. The 
directional variation of the tensile elastic limit in a face-centered cubic 
crystal has been calculated by E. Schmid [34] on the basis of his ob- 


servation that the critical shearing stress (stress necessary to cause 
slip, resolved in the direction of slip) is constant and independent of 
the normal stress on the plane of slip. The results of his calculations 
are represented by the diagram in figure 33. The tensile elastic limit 
evidently is greatest in the oc tahedral direction, the direction in which 
the tensile modulus of elasticity is greatest. The ratios of values in 
the cubic, the dodecahedral, and the octahedral directions are 1:1:1%. 
The directional variation of the tensile elastic limit, therefore, is less 
than the directional variation of the tensile modulus of elasticity of a 
metal such as gold or alpha iron (figs. 29 and 31). 

With 100-percent preferred orientation, a bar or sheet would 
become practically a single crystal, and its elastic limit in any di- 
rection would be very low. For practical purposes, grains with pre- 
ferred orientation should be intermingled with grains having random 
orientation. 


VIII. SOME IMPORTANT FACTORS ASSOCIATED WITH 
PLASTIC EXTENSION; THEIR EFFECTS ON THE MODU- 
LUS OF ELASTICITY AND ON ITS STRESS COEFFICIENTS 


1. RESULTS OBTAINED BY OTHER INVESTIGATORS OF THE INFLU- 
ENCE OF PLASTIC EXTENSION ON THE TENSILE MODULUS OF 
ELASTICITY 


Curves of variation of the modulus of elasticity with extension 
have been reported by various investigators. Kuntze [21], in an 
investigation of the elastic properties of copper, obtained a curve of 
variation of the ‘‘modulus of elasticity’ qualitatively similar to the 
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E, curves in figures 12 and 13. He attributed the initial descent jp 
the curve for annealed copper to increasing internal stress, and the 
subsequent rise of the curve to the influence of “pure plastic deforme- 
tion” (deformation free from the influence of varying internal stress), 
As shown in the preceding section of this paper, however, the ascent 
of the Z, curve is due to a change of crystal orientation. The initia] 
descent of the curve, moreover, probably is not due to either macro- 
scopic internal stress or microstructural stress. 

With copper, nickel, and aluminum (body-centered cubic metals) 
Kawai [20] obtained ‘modulus-extension curves similar to the E. 
curves in figures 4, 12, and 13. With open-hearth iron and mild 
steel, however, he obtained curves that descend continuously at a 
decreasing rate. A similar effect of plastic extension on the modulus 
of elasticity of steels was reported by Honda and Yamada [19]. The 
modulus values studied in both investigations, however, are not values 
of E,, but are based on a range between maximum and minimum 
values of stress and strain. No study was made of the form of the 
stress-strain curve. 

The rise of the curves for copper, nickel, and aluminum was cor- 
rectly attributed by Kawai to a change of crystal orientation.” 
The initial descent of the curves for copper, nickel, and aluminum, 
and the continuous descent of his curves for steels, were attributed 
to increasing internal stress. He thus expressed agreement with the 
views of Heyn [17], Sachs [32], and Honda and Yamada [19], that 
increase of internal stress decreases the modulus of elasticity. His 
views evidently also are in agreement, in this respect, with the pre- 
viously mentioned views of Kuntze [21]. As shown in figures 9, 18, 21, 
26, 27, and 28, however, the curves of variation of Ey with plastic 
extension are more complex than those presented by Kawai. The 
evidence indicates that the course of a modulus-extension curve 
cannot be explained in terms of only two factors. 

Erroneous views have been reached as to the factors affecting the 
modulus-extension curves because attention has been confined to the 
modulus at some indefinite point on the stress-strain curve. A study 
of the variation of the modulus of elasticity with plastic extension 
should envisage the entire stress-strain curve; it therefore should 
include in its scope Eo, Co, C’, and the secant modulus at some defined 
yield stress Ey. 


2. FACTORS AFFECTING THE VARIATIONS OF Cy) AND C’ WITH 
PRIOR PLASTIC EXTENSION 


The basic C, curves for annealed nickel (fig. 4), annealed 18:8 alloy 
(fig. 9), open hearth iron (fig. 18), and three carbon steels (figs. 26, 
27, and 28) are all similar. Each of these curves apparently i is in- 
fluenced by at least two important factors, one of which is dominant in 
the initial rise, and the other in the descent. The basic Cy curves for 
annealed copper (figs. 12 and 13), however, show the dominant in- 
fluence of only one of these factors, the depressing factor; the factor 
tending to cause an initial rise probably is present, but does not 
become dominant. 

There is conclusive evidence that the factor tending to cause an 
initial rise of these curves is the increasing internal stress. Relief 


13 The effect of reorientation on the tensile modulus of elasticity of aluminum, however, would be expected 
to be small (section VII-1). 
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of macroscopic internal stress in cold-drawn nickel causes a great 
decrease in Cy (fig. 8).’* A slight extension after annealing for relief 
of internal stress, moreover, raises Cy to about the value found for the 
ynannealed metal (fig. 8, B). This increase of C, doubtless is due to 
an increase of either macroscopic or microstructural internal stress. 
4 logical conclusion is that an increase of internal stress is the chief 
cause of the initial rise of the Cy curves for annealed nickel, annealed 
18:8 alloy, open-hearth iron, and the three carbon steels. 

The descent of these Cy curves, however, cannot be attributed to a 
decrease Of internal stress. The factor that is dominant in the 
descent of these curves probably is the same factor that is dominant 
throughout the entire Cy curve for copper (figs. 12 and 13). The high- 
est point on the basic Cy curve for annealed copper is at zero extension; 
at this point the metal is practically free from internal stress. The 
curve descends as the internal stress increases. Masing and Haase 
(29] have shown, that the macroscopic internal stress tends to increase 
with increasing amounts of cold work.'* The slowness of the rise of 
the basic 0.001-percent proof stress curve with plastic extension 
(igs. 3, 17, and 20), moreover, apparently indicates that the depressing 
influence of internal stress on this proof stress tends to increase with 
the prior plastic extension. 

The descent of the C, curves cannot be attributed to a decrease of 
the microstructural stresses. The Bauschinger effect, which is due to 
stresses Of this kind, tends to increase continuously with the prior 
plastic extension [27]. Templin and Sturm [39], moreover, showed 
that prior plastic extension causes a continuous increase in the differ- 
ence between the yield stresses (0.2-percent offset) in tension and 
compression. The microstructural stresses, therefore, evidently tend 
to increase continuously with plastic extension. The evidence, con- 
sequently, indicates that the Cy) curves cannot be explained in terms 
of the variations of a single factor. 

The same two factors that determine the course of the C) curves are 
successively dominant in the curves of variation of C’ with prior 
plastic extension. As shown in figures 10 and 14, these curves rise to 
a maximum and then descend. The maximum in a C’ curve, how- 
ever, is reached before the maximum in the corresponding Cy curve. 
The elevating influence of increasing internal stress doubtless is the 
cause of the initial rise. Although this influence does not become 
dominant in the C, curve for copper (figs. 12 and 13), it is initially 
dominant in the C’ curve (fig. 14). The factor dominant in the 
descent of the C’ curves doubtless is the same factor that is dominant 
in the descent of the Cy curves and will be identified later as the 
“lattice-expansion factor.” 


3. FACTORS AFFECTING THE VARIATIONS OF & WITH PRIOR 
PLASTIC EXTENSION 


In addition to the factors that affect the C) curves, the /) curves 
are affected by another factor, the change of crystal orientation. The 
preferred orientation of nickel and copper is predominantly octahedral 
{111} (section VII). A change from a random orientation or from a 
recrystallization texture toward a predominantly octahedral orienta- 


————— LT 

4 The evidence in figure 8 is supported by ample evidence obtained with other metals, although the 
evidence obtained with open hearth iron (fig. 25) is inconclusive. 

4 This relationship exists in spite of the fact that the tendency of brass to season cracking first increases 
then decreases with increasing amounts of cold work. 
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tion causes a great increase in the mean value of FE) for a polycrystal. 
line aggregate (fig. 29). The influence of changing crystal orientation. 
therefore, becomes dominant in the ascent of the Ey curves for nickel 
(fig. 4) and copper (figs. 12 and 13). Plastic extension of body-cep. 
tered cubic metals, however, tends to produce a predominantly do. 
decahedral [110] orientation. A study of the diagram in figure 3) 
leads to the conclusion that a change from a random to a preferred 
orientation would cause only a slight increase in the mean value of 
the modulus of elasticity of the iron or carbon steels. The influence 
of the reorientation factor, therefore, does not become finally domi- 
nant in the E, curves for these steels, except possibly in one of the 
curves for open-hearth iron (fig. 21). 

The factor dominant in the initial rise of the EK, curve for open- 
hearth iron (fig. 18), of the curves for the three carbon steels, and 
sometimes of the E, curve for 18:8 alloy (manifest in fig. 9 merely as 
a bulge in the curve) probably is the same factor that is dominant in 
the initial rise of the C) curves. It appears significant that the maxi- 
mum in the £, curve often is at the same extension as that of the maxi- 
mum in the CQ, curve. Although the initial rise of the Ey curves for 
the carbon steels is helped by the reorientation factor, this factor 
apparently is slower in its initial effect than the influence of increasing 
internal stress. The chief cause of the initial rise of these E) curves, 
therefore, probably is increasing internal stress. 

The factor dominant in the initial descent of the Ey curves for 
nickel (fig. 4) and copper (figs. 12 and 13) probably is the factor that 
is dominant in the final descent of the Cy curve for nickel, in the de- 
scent of the entire Cy curve for copper, and in the final descent of the 
E, curves for open-hearth iron (fig. 18) and the three carbon steels 
(figs. 26, 27, and 28). The same factor contributes to the final 
descent of the E, curve for annealed 18:8 alloy (fig. 9), and may be 
the sole cause of this descent.’ 

The factor that is dominant in the descent of the Cy curves and in 
the E, curves (with the possible exception of the E, curve for annealed 
18:8 alloy) probably is connected with one or more of the structural 
changes (other than change of crystal orientation) involved in work- 
hardening, such changes as slip on crystal planes, grain fragmentation, 
lattice distortion, etc. The factor is possibly associated with the 
lattice expansion. An increase in the lattice expansion possibly 
tends to cause a decrease in the modulus of elasticity and in its stress 
coefficients. In the absence of sufficient evidence to determine the 
indentity of the factor that tends to depress the C, and EK, curves, it 
might be termed the “work-hardening factor,” with the understand- 
ing that the term does not imply any direct relation between the 
modulus of elasticity and hardness. In future reference, however, 
this factor will be termed tentatively the “lattice-expansion factor.” ” 

No published information has been found regarding the directional 
variation of the index of curvature of the stress-strain line, Cy. There 
is no clear evidence, moreover, that the reorientation factor becomes 
dominant in any of the C, curves, although the basic Q) curve for 

16 No definite information is available as to the preferred orientation of this face-centered cubic alloy. 
The great descent of the Eo curve for this alloy, however, indicates that the reorientation factor has little 
tendency to elevate this curve, and suggests that this factor may even tend to depress the curve. A depress: 
ing tendency of the reorientation factor would exist if this alloy approached a predominantly cubic {100} 
= a - do some of the face-centered cubic metals investigated by Schmitt and Wasserman [36) 


1 Results obtained by Smith and Wood [37] suggest that the lattice expansion, unlike the internal stresses, 
increases almost linearly with the plastic extension. 
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annealed copper (figs. 12 and 13) may possibly reach a minimum at 
an extension of 5 percent or less, and may then rise slightly in accom- 
paniment with the rise of the & curve. If so, the directional varia- 
tion of Cy in a metal crystal evidently is qualitatively similar to the 
variation of Lp. 


4. THE SECANT MODULUS AT THE YIELD STRESS 


If the corrected stress-strain curve up to the yield stress be viewed 
as the ascending portion of a hysteresis loop, the inclination of the 
loop is the inclination of a straight line drawn from the origin to the 
vertex. An index of the inclination of this line, and of the loop, is 
the secant modulus of elasticity (H,) at the yield stress. If a series 
of hysteresis loops is made with the.same specimen and with the same 
stress range, the successive loops may vary greatly in width [22] yet 
change little in inclination. Such a change in width involves a quali- 
tatively similar change in the curvature (Co) of the ascending curve 
and in the initial slope (#,). An increase of internal stress tends to 
increase Cy, and thus tends to increase the width of the hysteresis 
loop; the lattice-expansion factor tends to decrease Cy, and thus tends 
to decrease the width of the loop. The effect of the reorientation 
factor on the width of the loop has not been determined, but probably 
issmall. Consideration will now be given to the influence of each of 
these factors on the inclination of the corrected stress-strain curve as 
indicated by the modulus of elasticity at the yield stress. 

The variation of #, with prior plastic extension may be studied 
qualitatively by means of the curves of variation of Fy5, Fo, Eso, or 
Ex. The trend of each of these curves is qualitatively similar to 
that of the corresponding E, curve (not shown). 

The forms of the Z, curves for annealed nickel and copper may be 
deduced by a comparison of the Ey and £3) curves in figure 4 and of the 
E, and FE; curves in figures 12 and 13. The £, curves for nickel and 
copper would have an initial descent followed by a rise at a gradually 
decreasing rate. The significant feature common to these three curves 
is the final rise. A final rise of the Z, curve was obtained only with 
these face-centered cubic metals; it was not obtained with the 18:8 
alloy (fig. 9) or with the annealed body-centered cubic metals (figs. 18, 
26, 27, and 28). A final rise of the £, curve, therefore, evidently is 
obtained only when the elevating influence of the reorientation factor 
is prominent; it evidently is due to a dominant influence of this factor. 
When the reorientation factor tends to increase the initial slope (/)), 
it also tends to increase F,, and thus tends to decrease the forward 
tilt of the stress-strain curve to the yield stress. When the reorienta- 
tion factor tends to decrease the initial slope (Z,), as it does with silver 
[36] and possibly with the 18:8 alloy, it also tends to increase the for- 
ward tilt of the stress-strain curve. 

With the open-hearth iron, with the carbon steels, and possibly 
with the 18:8 alloy, the reorientation factor does not become dominant 
in any part of the EZ, curve.’” The course of this curve then is de- 
termined qualitatively by the internal-stress factor and the lattice- 
expansion factor. The influence of the latter factor on H, may be 
deduced by comparing the intermediate curves for open-hearth iron 
(fig. 18) and the carbon steels (figs. 26, 27, and 28) with the correspond- 


" Except possibly when open-hearth iron has been annealed in boiling water (fig. 21). 
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ing HE, and C, curves. The EF, curves (not shown) for these metals are 
similar to the intermediate curves; they either descend continy- 
ously from the origin (figs. 27 and 28) or descend after an initial risp 
(figs. 18 and 26). The £, curve invariably descends with extension 
beyond the point at which the C, curve reaches a maximum (figs, 18 
27,and 28). Throughout this range of extension, the lattice-expansion 
factor is dominant in the C, and & curves. The corresponding 
descent of the E, curve, therefore, may be attributed to the dominant 
influence of this factor. The lattice-expansion factor evidently tends 
not only to decrease the curvature, Co, of the stress-strain curve, but 
also to tilt the curve forward. 

This influence of the lattice-expansion factor, like the influences of 
the internal-stress factor and the reorientation factor, is greatest at 
the origin of a curve of variation of either CQ), A, or EF, with prior 
plastic extension. The depressing influence of the lattice-expansion 
factor on E,, therefore, must be prominent not only after the C, curve 
reaches a maximum, but also while the C, curve is under the dominant 
influence of increasing internal stress. The course of the EZ, curve 
while the CQ, curve is rising (figs. 18, 26, 27, and 28) is the resultant 
of the depressing influence of the lattice-expansion factor and the 
elevating influence of the rising internal stress. 

If a specimen from a bar of severely cold-drawn metal is tested in 
tension, and if another specimen from the same bar is tested after a 
long time at room temperature, it is found that this rest interval has 
decreased both Ey and Cy, but has caused practically no change in 
E,. Relief of macroscopic internal stress has decreased the initial 
slope and the curvature, but has not changed the inclination of the 
stress-strain curve as represented by the secant modulus at the yield 
stress. Relief of internal stress by slight plastic extension of four 
severely cold-drawn 18:8 alloys (fig. 19 of the preceding paper) had 
a similar effect. The evidence thus implies that variation of internal 
stress by slight plastic extension or by rest at room temperature has 
practically no effect on £,. 

The initial extension of the three carbon steels caused a great in- 
crease of C) (figs. 26, 27, and 28). The accompanying decrease of 
Es was slight for the 0.20-percent carbon steel (fig. 26), was greater 
for the 0.73-percent carbon steel (fig. 28), and was greatest for the 
0.42-percent carbon steel (fig. 27). As these steels had not been cold- 
worked prior to the tension test, however, the lattice-expansion factor 
probably had considerable influence and may have been the dominant 
influence on the initial course of the E, curve, whereas the internal- 
stress factor was the dominant influence on the corresponding part of 
the C, curve. The lattice-expansion factor, moreover, may have 
been the dominant influence in the steep descent of the EZ, curve for 
18:8 alloy (fig. 9), although the reorientation factor possibly con- 
tributed to this descent. 

The annealing of nickel for relief of internal stress (fig. 8) caused a 
great decrease of C), a slight increase of Ey, and a great increase of 
Ey. A similar, though less prominent effect was caused by relief of 
internal stress in severely cold-worked open-hearth iron (fig. 25). 
The restoration of internal stress by plastic extension (figs. 8, B, and 
25, B) caused arise of the CQ, curve and a descent of the E;)curve. 
These effects suggest that an increase of internal stress not only in- 
creases the curvature of the stress-strain line but also tends to tilt it 
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forward. Annealing at elevated temperatures, however, generally 
causes permanent changes other than the relief of internal stress. 
The elevation of the proof stresses and the changes in EK) and C, due to 
such annealing are the resultants of changes of internal stress, of 
lattice expansion, and probably of other properties. In judging the 
effect of the internal-stress factor on F,, therefore, chief consideration 
should be given to the evidence based on changes of internal stress at 
room temperature. 

The weight of evidence appears to indicate that the principal 
effect of the internal-stress factor is on the curvature of the stress- 
strain line. Although an increase of internal stress may sometimes 
tend to tilt the stress-strain curve forward, the chief cause of the 
descent of a curve such as the intermediate curves in figures 18, 26, 
97, and 28 evidently is an increase of the lattice-expansion factor. 


IX. CONCLUSIONS 


1. An incomplete view of the tensile elastic properties of a metal is 
obtained by considering either the stress-set or the stress-strain re- 
lationship alone. Consideration should be given to both relationships. 

2. From a stress-set curve, proof stresses may be derived to 
represent the stresses causing various amounts of permanent set. 
From corresponding stress-strain and stress-set curves may be derived 
corrected stress-strain curves to represent the variation of elastic 
strain with stress. 

3. Curves of variation of proof stresses with prior plastic extension 
often have many wide abrupt oscillations superposed on a gradual 
wavelike mean curve. These oscillations generally are associated with 
variations in the duration of the rest interval and in the extension 
spacing of the experimental points. 

4, With prior plastic extension, the proof stresses representing 
permanent set values of 0.03 and 0.1 percent generally increase con- 
tinuously. The 0.001-percent proof stress and sometimes the 0.003- 
percent proof stress do not increase or decrease continuously, but 
either increase to a maximum or decrease to a minimum; beyond this 
maximum or minimum, these proof stresses oscillate with little or no 
general upward trend. The 0.01-percent proof stress may follow a 
course somewhat similar to either the two upper or the two lower 
proof stresses. 

5. The variation ae proof stresses with prior plastic extension is 
affected by the rate« -ork-hardening, by the change of internal stress 
(both macroscopic &:.. microstructural), and by the duration of the 
rest interval prior to the determination of a stress-set curve. Work- 
hardening tends to increase the proof stresses. Increase of macro- 
scopic internal stress, and probably of microstructural internal stress, 
tends to decrease the proof stresses, especially the proof stresses that 
may be regarded as indices of elastic strength (0.001- and 0.003-percent 
proof stress). The slowness of the rise of these lower proof stresses 
with prior plastic extension probably is due to a general upward trend 
of the internal stress. The greater the Bauschinger effect, the higher 
are the tensile proof stresses (obtained in the determination of a 
proof-stress extension curve). 

6. From the corrected stress-strain curves may be derived curves 
of variation of the secant modulus with stress. The initial stress- 
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modulus line for fully annealed metals generally is nearly vertical at 
the origin and is only slightly curved. ‘The initial stress-modulus ling 
for annealed copper, however, is strongly curved. With prior plastic 
extension, the curvature of the stress-modulus line first increases, thep 
decreases. With sufficient plastic extension, the stress-modulus line 
for nickel, 18:8 alloy, and carbon steels, becomes practically straight 
but the stress-modulus line for copper does not become quite straight, 

7. The straightness of the stress-modulus line indicates that the 
corresponding stress-strain line is a quadratic parabola. The curvature 
of the parabola may be measured by the linear stress coefficient, C,, of 
the modulus. The modulus at zero stress, Ho, may be obtained by 
extrapolating the stress-modulus line to zero stress. : 

8. When the stress-modulus line is curved from the origin, a second 
constant, C’, is needed to represent the curvature of the stress-modulus 
line. For some fully annealed metals and for some other metals that 
are free from the effects of cold work, C,is zero, and the stress-strain 
line, consequently, is a cubic parabola. When the stress-modulus line 
is curved and is not vertical at the origin, the stress-strain line may be 
viewed either as the superposition of a cubic parabola on a quadratic 
parabola or as a single parabola whose exponent is between 2 and 3. 

9. When &), Cy, C’ and the five proof stresses are known, a fairly 
good picture is available of the elastic properties in tension. j 

10. Because of the great directional variation of the modulus of 
elasticity of some metal crystals, a change of orientation of the grains 
of a polycrystalline aggregate may greatly affect the course of the 
modulus-extension curve. With most face-centered cubic metals, 
cylindrical extension causes such a change of crystal orientation that 
HE, tends to increase. Some face-centered cubic metals, however, ex- 
hibit the opposite tendency. With body-centered cubic metals, a 
change from random to preferred orientation tends to cause some in- 
crease of £,. Annealing may greatly affect the crystal orientation and 
thus may affect the modulus of elasticity. 

11. The directional variation of the stress coefficient (C)) of the 
modulus of elasticity of a metal crystal has not been determined. 
If such a variation exists, it probably is small, and possibly is similar 
to the directional variation of F). 

12. The curves of variation of EZ) with prior plastic extension are 
continuously influenced by three important variables: crystal orien- 
tation, internal stress; and the lattice-expansion factor. The curves 
of variation of Cy and C’ are continuously influenced by at least the 
latter two of these factors. A change in dominance from one factor 
to another is accompanied by a reversal of the curve of variation of 
either Ey, Co, or C’ with plastic extension. 

13. The reorientation factor tends to elevate the curve of variation 
of E, with plastic extension for all the metals considered in this paper, 
except possibly for 18:8 chromium-nickel steel, but becomes dominant 
only in the curves for annealed nickel and copper. No conclusive 
evidence has been found of an effect of the reorientation factor on ( 

14. An increase of macroscopic internal stress, and probably of 
microstructural internal stress, tends to cause an increase of (. It 
is possible, however, that both C, and FE, tend to decrease with an 
increase of the Bauschinger effect induced by the microstructural 
stresses. 

15. A decrease of internal stress, either by plastic extension of 
by annealing, tends to cause a decrease of C. 
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16. An increase of internal stress tends to cause an increase of K, 
but generally tends to cause little change in £). 

17. Annealing at elevated temperatures for relief of internal stress 
may cause no change or even a slight increase in EZ. Because of the 
decrease of Co, the annealing thus may cause an increase of F,. As 
the annealing causes changes of macroscopic and microstructural 
internal stresses, and of the lattice expansion, however, the effect of 
the annealing on /, and £, is a resultant of the effects on all these 
factors. 

i8. Rest after plastic extension tends to cause a decrease of the 
proof stresses, especially those representing 0.001- and 0.003-per- 
cent permanent set, but tends to cause an increase of both Cy and E&. 
The effect of the rest, therefore, is opposite to the effect of macro- 
scopic internal stress. The predominant effect of the rest probably 
is chiefly due to a decrease in the lattice expansion, but could be 
partly due to a decrease in the unsymmetry of the stress-strain curve 
between the tensile and compressive yield stresses. Such unsym- 
metry, however, may be largely due to a directional variation of the 
lattice expansion, and only partly due to the microstructural stresses. 

19. Rest after plastic extension causes practically no change in E). 

20. A long rest of a cold-drawn bar at room temperature tends to 
cause a decrease of both C, and Ey, with practically no change of £,. 
The predominant effect of the long rest, therefore, evidently is a 
relief of macroscopic internal stresses. 

21. Change of macroscopic or microstructural internal stress gen- 
erally tends to cause little change of £,. 

22. The lattice-expansion factor tends to cause a decrease of the 
index of curvature, Cy, and of the initial slope, A, of the corrected 
stress-strain curve. It also tends to cause a decrease of EF). 

23. When the reorientation factor tends to increase Fy, it also 
tends to increase E,. This influence is finally dominant in E, and E, 
curves for some face-centered cubic metals. 
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Tensile Elastic Properties of Metals 


TABLE 1.—Description of metals 








Mechanical 


treatment Chemical composition 








NBS 
Metal desig- 
nation 


Method 


Reduction 
in area 
Rod diameter 


| 





oO, 
40 


% (a (J 

Nickel Cold-drawn-| 60. § i . ; i ae 
18:8 Cr-Ni steel ---- .| Annealed_...}...._| .875] .06 ce 1... ; Ere & 
Oxygen-free copper-| NV Cold-drawn_| 75.0) .875) 7 tee 

Open-hearth iron -_- Cold-drawn.|*49.3) .718) . ; . 003! . 
Open-hearth iron-- .| Cold-drawn. .0; .721 ae 
0.20-percent carbon Hot-rolled_-- 1,125] . - 42) . 039 
steel. a 
0.42-percent carbon Hot-rolled-.. 1,125] . e . 60} . 033) . 














steel. 





























steel. 
0.73-percent carbon Hot-rolled_.- us é Here: is . - 019) . 





* Cold-drawn 12 percent by manufacturer. Remaining cold-drawing received in laboratory. 


TABLE 2.—Details of the heat treatment 








Specimen | Tem- 
Material designa- | pera- Time held | Cooled in— Cooled in— 
ture 





“7 Hours 
.....-| As received _- 
2 


Oxygen-free copper.......-.-.- 


Open-hearth iron_..........- asl. O04 7 Furnace... 
1, 750 Water-.____- 900 Furnace. 
1, 750 Furnace_...} 1,350 1 | Slow cool.¢ 





(.20-percent carbon steel ‘eal ay Gee f mo 900 Air, 
0.42-percent carbon steel 1, 525 ee iE 1, 000 | Air. 
73-percent carbon steel ---| 1,400 1, 000 | Air, 























*In the designation of the condition of the material, one or more letters following a dash indicate method 
of cooling: W, water quench; OQ, oil quench; F, furnace cool; S, unusually slow cooling rate. The numbers 
following the final dash indicate the final annealing or tempering temperature (degrees Fahrenheit, in hun- 
dreds), 

» As originally designated in NACA Technical Report, No. 670. 

‘ Cooled in furnace at rate of about 17 degrees Fahrenheit per hour. 
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TABLE 3.—Tensile properties 








| Initial proof stress 

Diam- | Exten- 

| Specimen | eter | sion at 

Material | designa- over | maxi- 





Tensile | as mea 
istrength | 9-1- | 0.03- | 0.01- | 0.003- | 0.001. 


| tion | gage mum | . Pe ercent | |Percent |percent percent | percent 
|} length | load | | —_ — proof | proof | 


Proo 


set set set | set | 





in. |Percent| lbjin.2 lbj/in.2 | Ib/in.2 | lb/in.2 | Ufine | 

0.417 | 0.68 | 117,300 |103, 600 | 82,600 | 60,600 | 32,000 | 5, 8m 
417 5.13 | 124,600 1105, 800 | 91,200 | 75,500 | 65,400 | 58’ 00 
.417 | 35.1 | 73,400 | 18,400 | 18,300 | 16,700 | 12,500 | 10,209 


| | | | 
66. 1 83, 630 | 28,200 | 24,000 | 19, 500 | 13, 300 | 


N shel au 41, 200 | 30,800 | 20,300 | 10,000 

Oxygen-free copper----- |< : } . 605 ; 33, 000 7, 76 6, 470 5, 330 4, 340 | 3, 500 
| LN: | 33, 400 5,900 | 4,700; 3,300 2, 500 

TP ses jnnoe ° . 87, 700 7 76, 600 | 67,600 | 58,700 | 19,000 

Open-hearth iron \J Ps : . 76, 600 | 6 67, 700 | 64,400 | 60,000 | 56, 300 
is 54, 300 2,6 22,100 | 21,800 | 20, 500 18, 800 

54, 700 38 12, 660 | 12, 330 | 11,880 | 10,330 





0.20-percent carbon steel.| T-W-9...|  . 505 .25 | 102, 000 76, 500 | 76,500 | 76,500 | 72,00 

0.42-percent carbon steel- | U-0-10_. . 50! : 114, 800 ¢ 700 79,700 | 79,700 | 77,700 | 47,000 

0.73-percent carbon steel.| V-O-10- - . 508 E 151, 200 te 970 /101, 970 |100, 500 | 85, 000 | 4, 000 
i 
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Figure 10.—Variation of the quadratic stress coefficient, C’, with prior plastic 
extension; nickel and various steels. 
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29. Directional variation of the tensile modulus of elasticity of a crystal 
of gold 


C, cubic; O, octahedral; D, dodecahedral 
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30.—Directional variation of the tensile modulus of elasticity of a crystal 
of aluminum. 


Cc, cubic; O, octahedral; D, dodecahedral. 
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Directional variation of the tensile modulus of elasticity of a 
of alpha Lron. 


Cc’, cubic; O, octahedral; D, dodecahedral 


Figure 32.— Directional variation of the shear modulus of elasticity of a crystal 
of alpha tron, 


C, cubic; O, octahedral; D, dodecahedral. 
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hiGurE 33.— Directional variation of the elastic limit of a face-centered cubic crystal. 


C, cubic: O, octahedral; D, dodecahedral. 





S DEPARTMENT OF COMMERCE NATIONAL BuREAU OF STANDARDS 
RESEARCH PAPER RP1460 


Part of Journal of Research of the National Bureau of Standards, Volume 2 
March 1942 


SOILCCORROSION STUDIES, 1939: FERROUS AND NON- 
FERROUS CORROSION-RESISTANT MATERIALS 


By Kirk H. Logan 


ABSTRACT 


Since the beginning of the Bureau’s soil-corrosion investigation in 1922, speci- 

ns of a wide variety of materials suggested for service underground have been 

sed to various soil conditions and in spected at regular intervals. In this 

-is reported the condition of the specimens of ferrous and nonferrous metals 

i r underground exposures of from 2 to 17 years. Because of the variety of 

ironmental conditions represented at the test sites, some idea of the corrosion 

tance of the materials in most of the corrosive environments commonly en- 

coul ntered in soils can be obtained. Relations between corrodibility and chemical 
mposition are indicated for certain classes of materials. 


CONTENTS 


I. Introduction 
I. Properties of the soils at the test sites 


. Ferrous materials- ---------- 
1. Specimens exposed for 7) Veeie 2. <- eee 
(a) Cast materials 
is ) Wrought iron, carbon steel, and alloy irons and steels 
(c) High- alloy steel sheet 
2. Alloy irons and steels expos sed for 2 years — 
. Copper and copper alloys--- ee 
1. Specimens exposed for 13 years. aoe 
2. Specimens exposed for 7 years- --- 


. Specimens exposed for 16 to 17 3 vears 
2. Specimens expose d for 2 vears_ 
Summary - 


I. INTRODUCTION 


The investigation of corrosion-resistant materials by the National 
Bureau of Standards is an outgrowth of the original investigation of 
soil corrosion begun by the Bureau in 1922. The first sets of the speci- 
mens of corrosion-resistant materials and nonbituminous protective 
coatings were buried at 15 test sites in 1932, and sets of additional 
materials were buried in 1937, 1939, and 1941. In this paper are pre- 
sented the results of the inspection of ferrous and nonferrous specimens 
after exposures of 7 years and 2 years, respectively. The condition 
of the specimens of protective coatings is reported elsewhere.! As this 
iad: will be succeeded by others when the specimens have been ex- 

H. Logan, Soil- “corrosion studies 1939, coatings for the protection of metals underground. J. Re- 
warch NBS 28, 67 (1942) RP144 
379 
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posed for longer periods, detailed comparisons of the materials for th, 
purpose of evaluating their relative resistance to corrosion wil] }, 
deferred until later inspections have been made. This report is pre. 
sented at this time in order that the trends shown by the data may hp 
considered in the selection and development of materials for under. 
ground service. 

As the field tests have been previously described in detail, jt js 
sufficient to state that the corrosion data presented here are chiefly 
for the third of a series of five inspections which are made at Approxi- 
mately 2-year intervals. Data for certain materials buried for loner 
and shorter periods are also included. With some modification, this 
paper will follow the form of previous papers in order that the data 
from successive inspections may be readily compared and the progress 
of the corrosion noted. The chicf departure from the earlier reports 
consists in the presentation of the data for loss of weight as well as 
for maximum penetration as total loss per unit area and total pit 
depth rather than as rates. The reason for this change is that presen- 
tation of the data as rates implies that the progress of corrosion js 
proportional to the duration of exposure, or at least that the corrosion- 
time relation is the same for comparable materials. This is not gen- 
erally true. For the benefit of those who desire the corrosion data 
expressed also as rates, the exact duration of exposure for each material 
at each test site will be given. 

Since the primary purpose of this investigation is to determin: 
what metals and alloys are most corrosion resistant in different cor- 
rosive environments, it is natural that the corrosiveness of the soils 
was an important consideration in the selection of the sites for the 


field tests. Although several of the soils would be considered only 
mildly corrosive, the corrosion rate in the soils as a group is con- 
siderably higher than it would be in a group selected to represent the 
most typical or extensive soils in the various localities. Failure of a 
material in a number of the soils under consideration does not neces- 
sarily reflect on the usefulness of that material for a wide variety of 
moderately corrosive soil conditions. 


II. PROPERTIES OF THE SOILS AT THE TEST SITES 


The nature of the soils at the test sites is indicated by the physical 
and chemical properties shown in table 1. The texture of the soils 
and their retentiveness of water is indicated relatively by values for 
the moisture equivalent, the quantity of water retained by a previ- 
ously saturated soil against a centrifugal force of 1,000 times gravity. 
Since the true specific gravity of the mineral portion of soils varies 
within narrow limits, the apparent specific gravity, except in the cas 
of organic soils, can be taken as a measure of their compactness and 
hence as a relative measure of their porosity. A soil having a very 
high moisture equivalent and a high apparent specific gravity, such 
as Acadia clay, soil 51, may be considered to be very fine in texture, 
highly retentive of water, very dense, and impermeable to the flow of 
air and water, and this is confirmed by the aeration or drainage of the 
soil, which is poor. On the other hand, the fairly large value for the 
moisture equivalent (32 percent) of Hagerstown loam, soil 55, indicates 
this soil to be fairly heavy in texture and retentive of water. However, 


reb 


? Kirk H. Logan, Soil-corrosion studies, 1987: Corrosion-resistant materials and special t:s's, J. Resea 
NBS 23, 515 (1939) RP1250. 
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it is also very porous and well aerated, and this is indicated by the low Hi azr 
value for the apparent specific gravity, 1.49. ease 
Consideration of the chemical properties given in table 1 shows tha; spec 
the test sites represent a wide range of soil conditions. The range jy, 9 indi 
pH is from 2.6 to 9.4, which are approximately the extreme limits 
shown by soils. The resistivity ranges from 62 to 2 Arron 
18,000 ohm-cm, corresponding to the ‘concentration of sea water. 
the one hand, to the concentration of salts in a highly weathered soi). 
on the other. The soluble material in Merced clay adobe, soil 57 
and in Rifle peat, soil 60, is seen to be almost exclusively in the form 
of sulfates. Soil 57 is alkaline in reaction, while soil 60 is extremely 
acid, so much so that the soil actually contains sulfuric acid, J) . 
Docas clay, soil 64, the soluble material is almost entirely sodiym 
chloride 
The names of the soils given in table 1 were assigned by the Soil 
Survey of the Bureau of Chemistry and Soils of the United States 
Department of Agriculture. That part of the name which describes 
the texture of the soil refers to the texture of the uppermost, or A horizon 
As the specimens were buried at depths from 18 inches to 4 feet, mm 
usually lie in the Bor C horizons. Since these horizons are frequen 
heavier in texture than the A horizon, the aeration of the soil j i 
which thespecimen lies may be poorer than the name of the soil suggests 


III. FERROUS MATERIALS 
1. SPECIMENS EXPOSED FOR 7 YEARS 


(a) CAST MATERIALS >| 


The composition and dimensions of the specimens of cast iron are 
givenin table 2. The significant features of these and other ogee rials, 
both ferrous and nonferrous, with respect to corrosion in various - 
environments have been summarized elsewhere.® 

The measurements of corrosion losses and depths of pits shown in 
tables 3 and 4, respectively, were made on 1-foot lengths of 14-inch 
cast-iron pipé protected from internal corrosion by caps at both ends. 
The period of exposure was approximately 7 years. The values 
reported in these and other tables are the averages of measurements ‘ 
made on two specimens, except as otherwise noted. Usually the two 
specimens of the same material in the same soil yielded results which 


TABLE 2.—Composition of cast-iron pipes 1 











| Iden- 
Material | tifica-| 
| tion 


Thick-—-—, | 


| 3 | | | | 
| C } | | 
| | | 

| 

| 


ae 
| ness | Com-| o: 


Free | bined 


Total) 


Rattled ? cast iron | 
Sand-coated cast iron | F . 250 | 2.94} .64 | 3.58 | 1.64]. -074 | .79 | [-- - f 
Special process cast iron_-. | | 2. 5é ( 

re senna 7 moi a | | 2. . — 
Low-alloy cast. iron_ ait | .25 .00 | .50 | 3.50 | 2.50] .70| .050|. | 0.380 | 0.15 |-.-. 
High-alloy cast i iron. ~~ . 98 . 13 1. 2.61 |15.00 | 6.58 





1 These pipes were 12 inches long and approximately % inch in internal diameter. They were buried 
in 1932. 
1 Ordinary iron horizontally cast in green-sand molds and rattled to remove sand. 


3 Materials in the National Bureau of Standards Soil-Corrosion Tests, NBS Letter Circular LC646 (194! 
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agreed closely. Occasionally, however, they differed widely. Those 
eases In which the losses in weight or pit depths of the individual 
specimens differed from the average by more than 50 percent are 

licated in table 3 and in succeeding tables. Whenever possible, 
TaBLE 3.—Loss of weight of cast-iron pipe exposed for 7 years 


In ounces per square foot ® 
1 





os Special process 
| Horizon- : 
| tally | 
| Expo- | cast in | | I+J 
sure sand | 4 aoe 
mold, | | 
? Stand- 
ard 
error 


Aver- 
age 


Acadia clay 

Cecil clay loam 
Hagerstown loam 
Lake Charles clay 
Muck - 


Daa a 


rlisle muck 
peat 
y clay 
juehanna clay 


Susqt 4, 25 
dal marsh 


3. 





NNN 


39. } 44.12] 41.7 
| 8. 9. | 8. < 
4 


yeas clay 
‘hino silt loam 

ohave fine gravelly loam. 4 , 75 6. 
ndet hs said 29.75 | 36.47 | 33. 


OSS a 





Each ounce per square foot corresponds to an average penetr: ration of 0.0017 ine ch. 
ss of weight of individual specimens differed from the average by more than 50 percent. 
ita for only 1 specimen. 


TanLe 4.—Depths of maximum pits on cast-iron pipe exposed for | 


~ mils ils) 


| Horizontally cast in sand 
| mold 


| 


| F+@ 





| 


Standard de- 
____Viation 
Standard er- 
ror 
Standard er- | 


| 
Acadia clay ........<.......}8 f ..--}----] 304+} |b260 
§3 | Cecil clay loam ---| 102 1 86 50 60 
| Hagerstown loam : ‘ y 5 90 
Lake Charles clay---------- + — -| 191 
" on - 250-+ Gentincawk, SaOm 


Carlisle muck 52 g 44 
Rite PSAt......-..... 3: 626 80 
} . 76 ) 90 
isquehanna clay... - . 118 . 3 94 
idal marsh - -.---- --| 53 b61 i | °90 














| 
| 
| 
| 
| 





f4| Docas clay - ----| 150 |b122 | 13 5| { 146 

65 | Chino silt loam B6 | 112 | | 
Mohave fine gravelly loam _| | 122 | 181+ 5 33 | 149 

67 | Cinders. | 250+ 5210+ 20 |¢240 





he plus sign in all cases indicates that 1 or both specimens were junet 
Average pit depths of the 1937 removal are greater. 


Data for only i specimen. 
iform corrosion—no reference surface. 


140573 —42 10 
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the data for specimens of materials of the same general class, whic} 
corrode alike, as for example, the specimens designated by J and J 
in table 3 have been combined, and the average and the Standard 
errors have been calculated. This provides a rough measure of the 
range of variation of the mean values which might be due to chance: 

None of the alloy cast irons except the high-alloy, Z, showed definit, 
superiority over ordinary cast iron in the various soils with respect to 
loss of weight or with respect to maximum penetration. However 
in attempting to evaluate the behavior of different materials and the 
influence of various alloying elements on corrosion, it is important to 
determine whether the observed effects also apply to previous periods 
of inspection. The consistency of the data for the three periods of 
inspection was studied by first reducing the corrosion losses and pit 
depths for the cast-iron specimens to a scale of relative values, taking the 
loss of weight or depth of pit of material G in each soil as 100. Values 
for the other materials in each soil were then calculated on this basis and 
the relative values averaged for each material. 

These data indicate that at the times of this and the two previous 
inspections the only material which was definitely superior to the 
ordinary cast iron, G, both with respect to loss in weight and depth 
of pits, was the high-alloy cast iron, £. 

In table 4 several pit depths are not so great as those found on cor. 
responding specimens removed 2 years previously. This effect is 
probably ascribable to differences in soil conditions in the trench, 
although great care was exercised in the selection of the test sites. 
That differences in soil conditions are sometimes confined to small sec- 
tions of the trench is indicated by the fact that although the average 
of the maximum pits for the J specimens removed from soils 60 and 
63 in 1939 was less than the average value for the same kind of speci- 
mens removed in 1937, the J specimens removed in 1939, which were 
only 6 inches from the J specimens, developed deeper pits than the 
I specimens removed in 1937. Soils 60 and 63 are composed largely 
of several varieties of vegetation in various stages of decay. The 
occasionally poor reproducibility of the data is mentioned in order to 
call attention to the variability in local soil conditions to which pipe 
in service may be exposed and to show that comparisons based on the 
behavior of single specimens may be misleading. 


(b) WROUGHT IRON, CARBON STEEL, AND ALLOY IRONS AND STEELS 


The compositions and dimensions of the specimens of wrought iron, 
low-carbon steel, and alloy irons and steels buried in 1932 and in 1937 
are given in table 5. 

In tables 6 and 7 are shown the losses in weight and depths of the deep- 
est pits on pipe specimens of mechanically puddled and hand-puddled 
wrought iron, low-carbon steel, and alloy open-hearth iron, and several 
alloy steels, all exposed for 7 years. For the purpose of comparison, 


4 The standard deviation has been computed by means of the equation 


= 7 DxX\? 
=n - Gr) 


where X is the loss of weight or the pit depth, and Nis thenumber of specimens. Ifthe standard deviation 's 
divided by /N- -], the standard error of the average isobtained. Thestandard deviation is a measure of the 
dispersion of the data. When the data are sufficiently numerous and distributed normally with respect t 

their mean, the probability of an observation differing from the mean by more than twice the standard devi- 
ation is about 0.0455. The standard error of the mean is similarly interpreted with respect to the mean whic) 
would be obtained through an indefinite number of observations. Unfortunately the data under considera 
tion are few in number and are not distributed normally. On this account, the probability of a deviation 
larger than 2¢ is greater than that indicated above, and the precision of the average is less. 
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TaBLE 6.—Loss of weight of specimens of wrought iron, low-carbon steel, and a 
irons and steels exposed for 7 years 


{In ounces per square foot ®]} 


Wrought iron | 
Cu-Mo! Low- 
| Me- A+B | Open- | car- 
Hand-| chan-|_ hearth | bon 
pud- | ically iron | steel 
dled | pud- 

dled 


51 | Acadia clay 

53 | Oecil clay loam 
55 | Hagerstown loam 
56 | Lake Charles clay 
f8 | Muck.- sews 


59 | Carlisle muck--. 

60 | Rifle peat 

61 | Sharkey clay- - | : . 6E 0 

62 | Susquehanna clay .97 | 5.97 | 3 5. sci ¢. | 3.46 |0, 0040 
63 | Tidal marsh-.-- 3. .48 3. = . 82 07 .14 j 


64 | Docas clay 34. 35.37 | 34. 8 : 34.6 35. 58 | 37.65 | 29.59 (b) 
65 | Chino silt loam 9. 0: 8. 83 8. 94 .6 14.72 | 13.73 | 6.09 | 13.39 
66 | Mohave fine gravell 

loam _-.- - | . 11.14 | 11.3 ae : .34 | 9.23 | 13.00 
67 | Cinders stes 29.72 | 26.97 | 28.34 | 2} 13.75 | 23. ~48 7. 54 


i 





® Each ounce per square foot corresponds to an average penetration of 0.0015 inch. 

» Data not used because of abnormal corrosion due to the presence of asphalt at the ends of the pipe 
° Loss of weight of individual specimens differed from the average by more than 50 percent 

4 Data on 1 specimen only, 


Tasie 7.—Depths of maximum pits on specimens of wrought iron, low-carbon stee 
und alloy irons and steels exposed for 7 years 


[In mils} 








Wrought iron 





Cu-Mo 

| Me- | open- | 

| Hand-| chan-|__————C—CSscChearth | 

| pud- | ically | | iron 
dled | pud- , | 
| dled , Stand- 
__| Aver- | ard | 


age popemciiecmier! ‘emcee 


error 
N 


Acadia clay. . 5+1 1: | 97 | 1354! 

Ceci) clay loam. | 5 5} , 54 | 

Hagerstown loam 65 f i8 57 

Lake Charles clay- -- ¢ } 98+ | | 12+) 125+ 
ti” =e 4 | 145+! 110 


| Carlisle muck_-_- ig | elf } : b10 
Rifle peat. - cs 30 | e% 2 | e116 
Sharkey clay | 44 | §& 3 65 
Susquehanna clay_ ( f | | ¢78 
| Tidal marsh... ‘ 2 | 103 


| Doeas clay ---| 1444+ 5+] 144+} ’ 145+ 
| Chino silt loam. ‘ 110+; 106 | : 5 117 
Mohave fine gravelly | 
loam _... eevee See 
' Cinders § 145+ 


® The plus marks indicate that 1 or more specimens were punctured. 

b Pit depths on individual specimens differed from the average by more than 50 percent. 
¢ U, unaffected by corrosion. 

¢ Data can not be used because of corrosion due to asphalt on the specimen. 

e Corresponding 1937 pit depths were greater. 
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low-carbon steel, N, will be considered the reference material. In 
i} but two of the soils the sum of the losses of weight of the two 
-ecimens of either low-alloy steel, D or P, is less than the sum of the 
sews of weight of the two specimens of low-carbon steel, JN, 
+ in several cases one of the low-carbon steel specimens lost less 
weight than one of the low-alloy steel specimens. The losses for the 
sinless steels, X and R, were negligible. With respect to pitting, 
however, the differences in the behavior of the alloy steels containing 
cs than 18 percent of chromium are not so marked. In fact, the 
jddition of 5 percent of chromium to steel apparently did not reduce 
‘he depths of the deepest pits. The pits of the stainless steels are 
very shallow even in extremely corrosive soils. 
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Figure 1.—Relative loss of weight and penetration of wrought ferrous materials. 
Low-carbon steel_= 100 percent, 


The differences in the corrosion of the other materials, namely, 
wrought iron and copper-molybdenum open-hearth iron, with respect 
to low-carbon steel are probably not significant for the group of soils 
considered as a whole. 

In table 8 the corrosion data for the wrought specimens are shown 
relatively on the basis of the three periods of exposure (2, 5, and 7 
years), low-carbon steel being taken as the reference material. In 
comparisons of the materials, the standard errors of the averages 
shoud be kept in mind. The*standard deviations indicate that the 
material which showed the lowest average loss of weight or pit depth 
for the 15 soils of the test might not be the most suitable material for 
some one of the soils. Insofar as practicable, a material should be 
selected on the basis of its suitability for the condition to which it is 





388 Journal of Research of the National Bureau of Standards 


to be exposed rather than on account of its average performance 
The data are shown graphically in figure 1. It is of interest to nos, 
that although steel with 5 percent of chromium, material P, is superio, 
to ordinary steel with respect to loss of weight, the alloy steel is inferio, 
with respect to pitting. 


TABLE 8.—Loss of weight and maximum penetration of wrought ferrous spec 
on a relative basis 


imen 


[Average of three periods of exposure] 








.oss of weight Maximum penetration 


. ah Aver- Sentinal Standard} Aver- | Stand ail a Pe 
Sy ) a Ga é ndard) andarg 
Symbol | | deviat -_ error age deviation! error 


| Wrought iron, hand-puddled 2] 26 
.-| Wrought iron, machine puddled_.- | 24 
| Cu-Mo oepen-bearth iron | 19 
Cu-Ni steel 21 
Steel with 5 percent of Cr : 7 23 | 


| 
o 
| 40 
Low-carbon steel | _ 








TABLE 9.—Average loss of weight and maximum penetration of high-alloy steel 
sheets exposed for 7 years 


M, shallow metal attack, roughening of surface, but no definite pitting. 

P, definite pitting, but no pits greater than 6 mils. 

U, apparently unaffected by corrosion. 

+, one or more specimens contained holes because of corrosion, rendering the computation of the exact 
penetration impossible. The thickness of the specimen has been used as the maximum pit in this 
case. 








(5) (5) € (1) (2) (5) 
11.95% Cr, | 17.08% Cr, % Cr, | 17.76% Cr, | 17.2% Cr, | 18.69% Cr, | 22.68% Cr 
0.48% Ni, | 0.09% Ni, 40; nt | 3.83% Ni, | 8.95% Ni, | 9.18% Ni, | 12.94% Ni 
0.38% Mn | 0.36% Mn | ***- 6.09% Mn | 0.44% Mn | 0.36% Mn } 1.80% Mn 





Maximum pene- 


Soil No. 


| 
| 


Maximum pene 


tration, average 
tration, average 


Maximum pe 
tration, average 

| Loss, average 
Maximum pene- | 
Loss, average 
Maximum pene 
tration, average 

| Loss, average 
tration, average 


| 
Loss, average 





ty | Ke W 
oz/ft? | Mils oz/ft* 





Mils) o2/ft 2 | Mils| oz/ft* | Mils oz/ft 4 oz/ft 2 | Mils| oz/ft? | Mil 
as .---'0. 0047 - Ay 


‘0015 | P eer ; 
“3 U | 0.001 L 


.00078, U - 0016 
-(b4.0 |b48+) >.33 | 





63+| .44 | 63+! 0.34 | 63+'0.64 | 63+! .0026/ 68 | .0025| M | .0055 


62+/ >.38 | 59+/...-- .---|>,019 |>12+| .0017 | P | .0036) P 
63+} >.41 [b44-+)__- _ --e--|-----/5.13  |b12+; .0016 | M | .0041) F 
---|-------]-----] 5.55 /b32+) .0021 | M | .0014) P pate c]anuseos 





® The number in parentheses indicates the number of specimens removed from each test site. be 
b Loss or maximum pit for 1 or more specimens was greater than the average by more than 50 percent. 
¢ Polished surface. 
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(c) HIGH-ALLOY STEEL SHEET 


In 1932, specimens of high-chromium steels, including steels with 
nickel and Manganese, were buried at certain of the test sites. The 
environments chosen were chiefly those in which stainless steels would 
he most susceptible to corrosive attack, namely, those having reducing 

nditions such as would be found in organic soils and in poorly aerated 

Ike Mali soils high in chlorides and sulfates. The data shown in table 9 

dicate that stainless steels must contain at least 8 percent of nickel 
to » withete and corrosion under such conditions. In soils free of soluble 
ay 55 and 59, all the steels containing 12 or more percent of chro- 
mium remain practically uncorroded. The marked localization of 
attack on many of the specimens is brought out by comparison of the 
loss in weight with the maximum penetration. 


2, ALLOY IRONS AND STEELS EXPOSED FOR 2 YEARS 


ae 


n tables 10 and 11 are shown data on loss of weight and maximum 
penetr ation for a variety of the alloy irons and “steels exposed to 
eorrosion for 2 years. The losses in weight of the various materials 
show no consistent differences except for the specimens containing 4 
10 6 percent of chromium, for which the losses in weight are gene rally 
iss. The values for maximum penetration, however, do not indicate 
a definite trend for any of the materials, the steel containing 18 percent 
of chromium being excluded from consideration. The failure of the 
copper-nickel steel, B, to show somewhat superior corrosion resistance, 
as would have been predicted from tbe behavior of specimens of approx- 


TABLE 10.—Loss of weight of alloy irons and steels exposed for 2 years 


(In ounces per square foot] 


Open- 
hearth Low-alloy 
iron 


4 to 6% chromit am | 
steel 


Open- 
hearth) Cr-Si- 
Expo-| steel |0 As © 0. 54% '0. 95%) 1. 01% Cu-P-'2. 01% 
sure | Cu_| Cu Cu Cu | steel Cr. 
‘or %| . 13%! .52%|1. 96% '1. 02% 0. 57% 
| Mo Mo | Ni Ni yy Mo | 


7.1 | #83 | 92.8 
. 91) 80.78) #0. 045 


_ 


ee 
kon” 


A ia clay 

Ceci ‘lclay loam 

_ ers town loam.| 
ke Charles clay 

Muck mal 


an 


. 62 


9.6 11.4 | 84.0, 
3. 3. § 


m or Go Cr bo 


Rifle peat 
rkey clay. a 
juehanna clay 
al marsh 
Doeas clay - - 


NRQNNE 
SO w 


Chino silt loam _- 
Moh ive fine grav- 
elly loam 
Cinders . a, 
Houghton muck -| 
Merced silt loam 


Bet wt COR HOO 


YEN PS PENH 
_—IS 2 OOH 


s of weight of 1 specimen. 
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imately the same composition (J) in the 7-year test, may be attribute; 
to the fact that the mill scale had been removed from the olde 
specimens, whereas the 2-year-old specimens were covered with ay 
unusually uniform and adherent oxide coating. Failure of this coating 
locally might be expected to result in accelerated pitting because of 
the difference of potential between the oxide and the metal beneath jt 
Tests ® of materials with and without mill scale have indicated tha 
the effect of the mill scale is temporary. 


TaBLe 11.—Maximum penetration of alloy irons and steels exposed for 2 year 


{In mils] 


| 
| 4 to 6% chromium High. 
steel oy 


| 
|Open-hearth | Low-alloy steel 


iron 


Open-| 
hearth/ Cr si-| | 
steel | 045% |0. 542%|0. 959%) 1.019%) cap. 201% . 
Cu Cu | Cu | Cr |5.02%) ! 
07% | .13%| . 52% 1. 00% ‘steel 0.57%| Cr |.0: 
‘Mo | Mo | Ni| Ni te" Mo" 
? : } | 


| li Eg lw | x | Cc KK D\E 


51 Acadia clay........_.- 54 | ; 5 58 | 35] 62/ 650 
53_..| Cecil clay loam___-- 3] 38 40| 40| 43] 36 
55 Hagerstown loam : ( g 40| 26; 34 34 | 
56 Lake Charles clay . | 7 52} 38] 66] 62 
i, eee : 36 | | 82] 5 71 29 48 39 


Rifle peat. - 3 20 | f 23 19 | 26 
Sharkey clay 3 q 3: 32 | 53 iy 30 31 | 26] 
; Susquehanna clay | 36 } < 36 26 2) 26 
Tidal marsh - - 8 | 20; 3 31 | 2) 46 
Doeas clay - os | 42 | 46 


Chino silt loam. | 32 50 | 39} 
Mohave fine gravelly i | 3 56 f 81 
loam. | 
Cinders a 46 7 50 | | é 5 | 6°56 
Houghton muck. } é j 5 5 14 y 8; 20 
Merced silt loam __-- 56 : 56 87} 79] 

















a Deepest pit on only 1 specimen. 
b P, no pits greater than 6 mils. f 
Uniform corrosion—im possible to measure true penetration. 


IV. COPPER AND COPPER ALLOYS 


In table 12 are shown the compositions of the specimens of copper 
and copper alloys buried in 1926 and in 1932. 


1. SPECIMENS EXPOSED FOR 13 YEARS 


Six specimens of two varieties of copper and of fourfeopper alloys 
were buried at 47 test sites in 1926. ‘The last two specimens of each 
of these materials were removed from the more corrosive soils in 1934, 
but in the less corrosive soils the last specimens were allowed to remail 
until 1939. In tables 13 and 14 are included the losses in weight and 
the condition of the surfaces of this latter group of specimens. As 
the properties of the soils, the location of the test sites, as well as the 
condition of the specimens at the time of the previous inspections 


‘ K. H. Logan, Soil Corrosion Studies, 1984. J. Research NBS 16, 432 (1936) R P883. 
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have been previously given,® they will not be included in this re port 
If allowance is made for the effects of accidental variations jn the 
materials and in soil conditions, it may be concluded that the ty, 
varieties of copper, specimens M and P, behave alike. At all of thp 
und copper alloys 


TaBLE 13.—Loss of weight of specimens of copper 


{In ounces per square foot] 


Copper Copper- 


Bell clay 
| Dublin clay adobe. 
Everett gravelly sandy loam __- 
| Maddox silt loam__. 
| Genessee silt loam 
' 


| Gloucester sandy loam ae 
| Merrimac gravelly sandy loam __- 
| Miami silt loam : 
7 | Miller clay 
Muscatine silt loam_ 


Norfolk sand. : 
Ruston sandy loam 
Summit silt loam 

7 | Unidentified silt loam 
Fairmount silt loam 


Deoxi- | 60 Cu 


dized 


| 
| 


048 | 


| 40 Zn 
| 2 


zinc- 
nickel 
alloy. 
47 Cu 
40 Zn 
10 Ni 





® Data for only 1 specimen. Average of 4 specimens. 


14.—Condition of copper and copper alloys 


[Figures are pit depths in mils] 


TABLE 


The eggs ing letters indicate the condition of the worse of 2 specimens, except as otherwise noted 


1, shallow metal attack, roughening of surface but no definite pitting 


P. definite pitting, no pits greater than 6 mils. 
S, uniform corrosion. 


D, selective corrosion, such as dezincification over large 


d, selective corrosion over small areas. 


areas. 





Expo- 
sure 





Bell clay - 

Dublin ‘clay adobe_ 

Everett gravelly sandy ‘loam .- 
Maddox silt loam _--- 
Genessee silt loam 


Gloucester sandy loam _ 
Merrimac gravelly sandy loam_. 
Miami silt loam 

Miller clay. - 
Muscatine silt loam _- 





Norfolk sand 

Ruston sandy loam 
Summit silt loam 
Unidentified silt loam 
Fairmount silt loam 








Copper 


Copper 
(deoxi- 
dized) 


Brass 


PDS | 
PD 
Pd 


‘ 


Pd | 

PD 

PD | 
b PD | 


| 
| 
*8DS | 


«Pa | 
10D | 

PD | 
PD | 
Pd | 


| Copper- 


zine- 
nickel 
alloy 


PD 
7D 


PD | 
b’PD | 

| 

* PD | 
10D | 

7D | 
PD 
PD 





® Only 1 specimen removed. 


6 Kirk H. Logan, Soil-corrosion studies, 1934: Rates of loss of weight and penetration of nonferrous materials, 


J. Research NBS 17, 782 (1936) RP945. 


> 4 specimens removed. 
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-t sites, With probably one exception, the corrosion rate of copper 
was LOW. 
oe allovs, specimens 6, Me, and A, corroded at consider- 
his cher | rates than copper or the aluminum bronze, N. The 
resence of 2.5 percent of lead in specimen Me, which was in the form 
fa small rl 2 ell, apparently had a somewhat detrimental effect 
» the corrosion of nominally 60:40 brass. This result is not con- 
scstent with the effect of lead in the brasses in the 1932 series discussed 
below, perhaps owing to the mechanical treatment of the ells. 


2. SPECIMENS EXPOSED FOR 7 YEARS 


Tables 15 and 16 show the losses in weight and maximum penetra- 
on of the two varieties of copper, a series of brasses ranging in zinc 
content from 15 to 40 percent, and of several of the other copper 
Jiovs. Corresponding values for the open-hearth steel are included 
for comps wison. It will be noted that in several soils the deoxidized 
opper, A, lost considerably more weight and pitted more deeply than 

the , tough- pitch copper. The deoxidized specimens that showed 
hich rates of corrosion had spiral lines of corrosion, which may indicate 
an effect of the straightening rolls. The apparent inferiority of the 
leoxidized copper in certain soils may therefore be accidental. Be- 
cause of this possibility, the data for this material have been omitted 
from table 17. 

wT ie high degree of consistency shown by the loss-of-weight data 

or the tough- pitch copper, C, and the brass specimens is striking. If 
data for the tidal marsh, soil 63, is excluded from consic leration, 
" definite increase in loss in weight with increase in zine content is to 
be observed. With a few exceptions to be mentioned, this conti- 
nuity is interrupted only by the occasional superior performance of the 
red brass, F’, over copper and the slight but definite superiority of the 
ued brass, K, over the brass, J. The data for the tidal marsh are 
nique in that the corrosion rate decreases with increase in zine con- 
ent. This behavior, which is exactly opposite to that shown by the 
other soils, is to be explained by the resistance shown by low- -copper 
loys to hydrogen sulfide and other sulfur compounds.’?. The resist- 
auce to corrosion shown by the Admiralty metal, H, and the copper- 
nickel alloy, G, toward a soil containing sodium and potassium 
chlorides almost exclusively, soil 64, is to be expected from the known 
resistance of these materials to salt water. Soils containing chlorides 
are particularly corrosive to copper. 

Since materials K and J contained approximately the same amounts 
of copper and zinc, the superiority shown by the leaded brass, A, 
would seem to be due to its slightly higher lead content, namely, 
).84 percent, as compared with 0. 42 percent in material J. How- 
ever, it should be recalled that material Me, which was inferior to 
material B (table 13), differed from the latter in that it contained 2.5 
percent of lead. Also material K differed from material J in that 
material KY contained 1 percent of silicon. The effect of the silicon 
rannot be determined from the data. 

The materials listed in table 17 maintained approximately the same 
“ta of corrodibility for the three periods of exposure. Because of 

the degree of consistency shown, it might seem logical that the relative 
onder indicated in the table could be acce pted tentatively as the order 


LT 
Metals Handbook (Am. Soc. Metals, Cleveland, Ohio, 1939). 
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of merit of the materials for soil conditions generally. How ever. 
loss in weight is only one criterion of behavior, consideration Wor i 
also have to be given to the depth of pitting and the t tendency of the 
material to dezincify. 

The values for maximum penetration shown in table 16 call f for no 
special comment other than to point out that for the materials subject 
to selective corrosion or dezincification, the data on maximum Dits 
do not indicate the degree of deterioration of the specimens. i 


T: ABLE 1%. — “Relative average loss of weight of or and copper edd 


| 


Aver- | Standard! Stay 
ige | deviation 


Material 
Composition 
Symbol Type 


Tough-pitch copper. 

Red brass- 

Admiralty metal 
Two-and-one leaded brass_-- 
Brass ‘ _— 
Muntz metal J ante 


Bronze 
Cc oppe r-silicon alloy-- 





| Copper-nickel alloy 


350 





7 


SOILS EXCLUDING 
TIDAL MARSH 


TIDAL MARSH 


Ww 

° 

°o 
538 


AVERACE 


STANDARD ERROR= 174 


N 
Ww 
Oo 


AVERAGE —— 
STANDARD ERROR— 


7 


= 


a 
° 


RELATIVE LOSS IN WEIGHT — PER CENT 
Ww 
°o 





C-99.97Cu | 
F - 85.2%Cu |] 


H - 71.3% Cu 


J - 6657 Cu 















































Vv s fz] = ill 
Pel] 
Figure 2.—Relative loss of weight of the copper and the brass specimens in soils 


excluding tidal marsh, and for tidal marsh alone. 
The loss of weight of copper is taken as 100 percent for each period. 





© 
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In table 17 are shown the average losses in weight calculated on a 
lative basis for the specimens of copper and copper alloys exposed 
for 2, 5, and 7 years. In calculating these averages, the data for soils 
63 and 67 were omitted, the former because the loss of weight of the 
specimens followed a different trend from that shown by the other 
ils, the latter because of the complete destruction of the low-copper 
specimens. 

“In figure 2 the relative weight losses of the copper and brass speci- 
mens are Shown graphically for the soils, excluding tidal marsh, and 
for tidal marsh alone, for the average of the three periods of exposure. 
The loss of weight of copper, material C, is taken as 100 for each period 
of exposure. 

V. ZINC 

The corrosion of zinc in soils is of importance in connection with the 
protection of iron and steel by zinc applied as a coating or used as an 
anode in a cathodic protection circuit. If there are soil conditions 
which are corrosive to ferrous metals but not to zinc, the latter metal 
could not be depended on for the protection of steel cathodically. 
The composition of the two varieties of zinc for which corrosion data 
are available is shown in table 18. In table 19, values are given for 
the corrosion losses and maximum penetration after exposure for 2 
years. 


TABLE 18.—Composition of zinc plates 


or 


diameter 


Thickness 
of plat 


Material 


3 

Oo 
goa 
Bs 

ae 

~ 
42) 
_ 


| } | 

| 0. 009 | 0.095 | 0.0038 | : 

.05 | .018 |0.02to} <.003 |<.003 |<0.001 
| 0.05 














TaBLE 19.—Loss of weight and maximum penetration of zinc plates exposed for 
2 years 
Soil Rolled zine Die-cast zine 


— | Loss of | Maximum | Lossof | Maximum 
yI | weight | penetration] weight | penetration 





| o2/ft2 Mils 
Acadia clay__._.-- Davnnen eS oe ee areca 97 | 30 
Cecil clay loam | 
Hagerstown loam... 

Lake Charles clay- | 

Muck access 


Rifle peat. ._.- 

Sharkey clay 

Susquehanna clay - 

Tidal marsh =aeEr 
OCOD TNT oe oie cuwnaknxe cad 


Chino silt loam__- 
Mohave fine gravell 
Cinders_. 

Houghton muck 

M mA ei) lng 
‘ierced sit loam 





* The plus signs indicate that 1 specimen contained holes because of corrosion. 
evere uniform corrosion. Impossible to measure the true penetration. 
idual specimens differed from the average by more than 50 percent. 
aon only | specimen. The other specimen has been almost entirely destroyed. 
pits greater than 6 mils, 
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The effect of purity on the corrosion rate of zinc in soils is indicay ted 
by the data. In every case that can not be attributed to chance, 
the corrosion rate is lower for the rolled zinc. The rate of maxin Un 
penetration is also lower for the purer material. 

The zine specimens corr oded under the same conditions Which cor. 
rode iron and steel, namely, in soils high in soluble salts and in Poorly 
aerated organic soils. 


VI. LEAD 


The composition of the leads used for the soil-corrosion tests js 
shown In table 20. 


TABLE 20.- 


epee of the lead patted 


| width| 
or di- | Length | — Cu 
ameter! 


| yee 

| Iden- | Year 

| tifica- | bur- | 
tion ied 


Material Form Bi 


Chemical lead _______-. 8) 
Tellurium lead hs 
Antimonial lead A 

Do B 
Commercial} lead - - H 


‘e 

None 
do 
ao 
do 


/O 
0. 002 
| None; .0011 | 
-do__| .82 
.016 |5.31 
. 037 | 


7 |0. 056 
. 082 

| . 062 | 

. 086 | 

. 013 


0.601 


1. SPECIMENS EXPOSED FOR 16 TO 17 YEARS 


The condition of the commercially pure lead and of the lead con. 
taining 0.82 percent of antimony after exposures of from 16 to 17 
years in 12 of the original 47 test sites is shown in table 21. If there 
is any real difference in the behavior of these varieties of lead in this 
group of soils, it is probably too small to be important practically, 


2. SPECIMENS EXPOSED FOR 2 YEARS 


Data on the corrosion of three varieties of lead exposed to the more 
corrosive group of soils for 2 years are shown in table i, The data 
for the antimonial lead indicate that the addition of 5 percent of 


TABLE 21.— 


Loss of weight and maximum seinena of lead cable sheath * 


FT, hole due to corrosit 
P, definite pitting, 


n from one le of the 


but no pits gre 





speci imen. 
ater th ian 6 mils. 











Soil | Antimo 
Expo- | 
sure 


Weight 
loss 


; ¥ ears | 02 ft 2 
Bell « lay. = 5. } 1. 56 
Du iblin clay adobe-- — 5. 56 | 3. 51 | 
Everett gravelly sandy loam me 5. 53 0. 37 
Maddox silt loam | 16.94] 47 | 
Hanford fine sandy loam 


| Miller clay-- 
Muse: atine silt loam _- 
Norfolk sand 
| Ramona loam__.. 
Ruston sandy loam 


Summit silt loam____- ; 41 


47 | Unidentified silt loam___- . 43 


ny lead, A 


convened 


1 
| Maximum | Weight 
penetration | 


loss 


oz/ft? 
1. 20 
6. 66 
0, 26 
. 60 
1. 85 
. 67 
. 04 
. 28 


31 | 


. 48 


50 | 
79 | 


Commercially pure 
le. ad, 


| 
| Maximur: 


| penetration 
} 


Mils 





® Data on 1 specimen except for soil 7, for which the average of 2 specimens has been taken. 





‘orrosion Ntudies., 1939 


he purpose of improving the mechanica 
increased its resistance to corrosion. ‘he im- 


. : . e} } sitmnwmMn ant ‘ { 
in the corrosion resistance of lead to sulfuric aeid and some 


| } } 


micals produced by the addition of alloying elements has 


eviously reported by Hiers.6° There is no evident benefit 
dding 0.04 percent of tellurium, at least for the initia! period 


uTe to SOUs. 


Loss of weight and maximum penetration of lead pipe exposed 2 years 


Chernical lead ® Tellurium lead » Antimonial lead ¢ 


Maxi- Maxi- Maxi- 
Loss of mum Loss of mum Loss of mum 
weight penetra- | weight penetra- | weight penetra- 

tion tion | tion 


Mils | oz/ft? Mils 
Acadia clay . 62 4 es ae 54 | 1.05 56 
Cecil clay loam 22 2 25 16 0. 25 
Hagerstown loam 37 24 | 34 | 39 19 
Lake Charles clay 2 38 | . 38 | 68 31 
§§ | Muck . 56 52 | . 68 55 45 | 
itle peat | .18 | , 15 | 33 | . 10 
Sharkey clay | ‘ > 
uehbanna clay 


65 Chino silt loam 
6 Mohave fine gravelly loam 
7 Cinders 

Houghton muck 

Merced silt loam 


* Cu, 0.056%; Bi, 0.002%; Sb, 0.0011%. 

> Cu, 0.082%; Sb, 0.001%; Te, 0.043%. 

¢ Cu, 0.036%; Bi, 0.016%; Sb, 5.31%. 

i Individual specimens differ from the average by more than 50%. 


In general, the lead was only slightly corroded under a variety of 
soil conditions that were corrosive to ferrous metals, copper, and zinc. 
For example, the lead was only slightly corroded by Rifle peat, soil 
60; by tidal marsh, soil 63; and by the alkali soils, 64, 65, and 66. 
The explanation for the resistance to corrosion shown by the lead in 
these environments is, of course, the polarizing effects of sulfates and 
chlorides on the local-action cells responsible for corrosion. Acadia 
day, soil 51, is an apparent rather than a real exception to this rule. 
Although this soil is corrosive to lead, the analysis in table 1 shows the 
sil to be high in sulfates. The sulfates are present, however, as diffi- 
cultly soluble gypsum crystals, which are brought into solution only 
with continuous agitation over a long period. 


VII. SUMMARY 


In this paper is reported the condition of the specimens of a variety 
of ferrous metals and alloys, and copper and copper alloys, exposed to 
various soils for 7 years. The results of inspections of nine alloy irons 
und steels and of several varieties of zinc and lead exposed for 2 years 
are also given, together with data on other materials buried for longer 
periods, 

After exposure of the specimens to a specially selected group of soils 
—— 


' George O. Hiers, Mech. Eng. 58, 793 (1936). 
‘George O. Hiers, Ind. Eng. Chem. 28, 1406 (1936). 
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for 7 years, little difference was observed in the corrosion resistanee of 
the wrought iron, low-carbon steel, copper-molybdenum open-heart} 
iron, or steel containing between 4 and 6 percent of chromium. \ 
copper-nickel steel from which the mill scale had been removed shoywo, 
somewhat greater resistance to corrosion. 

By increasing the chromium and nickel contents, ferrous metals may 
be made highly resistant to soil corrosion. In fact, corrosion of 
certain alloy of the 18:8 variety was practically negligible. 

Except in a tidal marsh soil, the corrosion rate of the copper-zjy 
alloys increased generally with the zine content. The copper, howeye, 
corroded in a soil high in chlorides, but this soil had relatively litt): 
effect on the Admiralty metal and the 70:30 copper-nickel alloy. a: 
would have been predicted from the resistance of these materials to 
corrosion by sea water. The behavior of the brasses in the tidal mars} 
containing sulfides was unique in that the corrosion rate decreased wit! 
increasing zine content, the reverse of the normal order. 

Data are presented on the corrosion of several zinc and lead-alloy 
specimens. The zine specimens corroded under much the same cop- 
ditions which were corrosive to ferrous metals. The lead underwen 
corrosive attack in acid organic soils, in cinders and in heavy, poorly 
aerated soils low in chlorides and sulfates. In the presence of thes 
radicles the corrosion rate of the lead was comparatively low. 

Since a large proportion of the soils to which the specimens wer 
exposed is very corrosive, the failure of certain materials in these er- 
vironments does not necessarily reflect on the usefulness of these mate- 
rials for a wide variety of moderately corrosive soil conditions. 


The author acknowledges the assistance of I. A. Denison, who mad 
helpful suggestions regarding the effects of alloying elements, and of 
Melvin Romanoff, who supervised the preparation of the specimens, 
the measurements of corrosion, and the calculation of the data reported 
in the tables. The assistance of David Fickle and Richard F. Thomas 
in these various operations is also acknowledged. 
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